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Résumé / Abstract
Caractériser les dynamiques des rendements d’actifs à l’aide de modèles de
volatilité est un champ important de la finance empirique. La littérature dans ce
domaine privilégie des spécifications de volatilité plutôt complexes dont la
performance relative est généralement estimée par leur vraisemblance à partir de séries
chronologiques de rendements d’actifs. Cet article compare plusieurs modèles de
volatilité selon un critère différent, utilisant les rendements et prix d’options dans une
mesure neutre au risque et de probabilité physique. Nous estimons la performance
relative des différents modèles en évaluant la fonction objective basée sur les prix
d’options. Contrairement à l’inférence basée sur les rendements, nous trouvons que
notre fonction objective basée sur les options favorise un modèle relativement
parcimonieux. En particulier, lorsqu’elle est évaluée hors-échantillon, notre analyse
favorise un modèle qui, outre le groupement de volatilités, ne permet qu’un effet de
levier standard. Cette analyse empirique fait partie d’une littérature en plein essor qui
suggère que l’évaluation des prix d’options en temps discret, lorsque la volatilité varie
dans le temps, est pratique et riche en enseignements.
Characterizing asset return dynamics using volatility models is an important
part of empirical finance. The existing literature favors some rather complex volatility
specifications whose relative performance is usually assessed through their likelihood
based on a time-series of asset returns. This paper compares a range of volatility
models along a different dimension, using option prices and returns under the risk-
neutral as well as the physical probability measure. We judge the relative
performance of various models by evaluating an objective function based on option
prices. In contrast with returns-based inference, we find that our option-based
objective function favors a relatively parsimonious model. Specifically, when
evaluated out-of-sample, our analysis favors a model that besides volatility clustering
only allows for a standard leverage effect. This empirical analysis is part of a growing
literature suggesting that discrete-time option pricing with time-varying volatility is
practical and insightful.
Mots-clés : évaluation d’options, GARCH, fixation des prix neutre au risque,
prévision, parcimonie, hors-échantillon
Keywords: option pricing, GARCH, risk-neutral pricing, parsimony, forecasting, out-
of-sample
JEL Classification: G12
                                                     
* We would like to thank Jerome Detemple, Jin Duan, Rene Garcia, Steve Heston, Nour Meddahi, and Eric Renault
for helpful comments. John Kozlowski, Ines Chaieb and Vadim di Pietro provided expert research assistance. We are
grateful to FCAR, IFM
2 and SSHRC for financial support. Any remaining inadequacies are ours alone.
Correspondence to: Kris Jacobs, Faculty of Management,  McGill University, 1001  Sherbrooke Street West,
Montreal, Canada H3A 1G5; Tel: (514) 398-4025; Fax: (514) 398-3876; E-mail: jacobs@management.mcgill.ca.
† McGill University and CIRANO
‡ McGill University and CIRANO￿ W?|hL_￿U|￿L?
A￿i TLLh i4T￿h￿U@* TihuLh4@?Ui Lu |￿i U*@tt￿U ￿*@U!￿5U￿L*it E￿b.￿￿ LT|￿L?￿￿@*￿@|￿L? 4L_i*
￿t ￿i** _LU￿4i?|i_￿ ￿?i Lu |￿i 4@￿? hi@tL?t uLh |￿￿t TLLh i4T￿h￿U@* TihuLh4@?Ui ￿t |￿i
@tt￿4T|￿L? Lu UL?t|@?| ￿L*@|￿*￿|)￿ A￿i ThLM*i4@|￿U ?@|￿hi Lu |￿￿t @tt￿4T|￿L? ￿t i￿￿_i?Ui_ M)
|￿i ￿i**￿!?L￿? t4￿*i @?_ t4￿h! T@||ih?t Lu ￿4T*￿i_ ￿L*@|￿*￿|￿itc ￿￿￿U￿ ￿?_￿U@|i |￿@| 4@h!i|
Th￿Uit U@? L?*) Mi hiUL?U￿*i_ ￿￿|￿ ￿L*@|￿*￿|￿it |￿@| ￿@h) @UhLtt 4@|￿h￿|￿it @?_ i ihU￿ti Th￿Uit￿
‘￿￿*i ￿| ￿t i?|￿hi*) TLtt￿M*i |￿@| |￿iti T@||ih?t UL￿*_ _￿t@TTi@h M) 4L_￿u)￿?} tL4i L|￿ih
M￿￿*_￿?} M*LU!t Lu |￿i 4L_i*c ￿| ￿t ?L| t￿hTh￿t￿?} |￿@| hiti@hU￿iht ￿@￿i @||i4T|i_ |L 4L_￿u)
|￿i UL?t|@?| ￿L*@|￿*￿|) @tt￿4T|￿L?￿ 6Lh ￿?t|@?Uic #￿T￿hi E￿bbe￿ @?_ #ih4@? @?_ k@?￿ E￿bbe￿
￿@￿i ThLTLti_ _i|ih4￿?￿t|￿U ￿L*@|￿*￿|) 4L_i*t ￿￿Lti TihuLh4@?Ui ￿? |￿h? ￿@t Mii? ^￿it|￿L?i_
M) #￿4@tc 6*i4￿?} @?_ ‘￿@*i) E￿bbH￿￿ #￿4@t i| @*￿ uL￿?_ |￿@| LT|￿L? Th￿Uit uhL4 @ t￿4T*i
￿w5 hi}hitt￿L? Lu ￿4T*￿i_ ￿L*@|￿*￿|) L? @ TL*)?L4￿@* ￿? t|h￿!i Th￿Ui @?_ 4@|￿h￿|) E|￿i tL￿U@**i_
￿h@U|￿|￿L?ih<t ￿*@U!￿5U￿L*it￿ L￿|TihuLh4i_ 4L_i*t ￿￿Lti _￿g￿t￿L? |ih4 ￿t @ _i|ih4￿?￿t|￿U
u￿?U|￿L? Lu |￿i t|h￿!i Th￿Ui @?_ 4@|￿h￿|)￿
￿ 4Lhi t|h￿U|￿h@* @TThL@U￿ |L ￿4ThL￿￿?} |￿i i4T￿h￿U@* TihuLh4@?Ui ￿t |L 4L_i* ￿L*@|￿*￿|)
@t t|LU￿@t|￿U@**) |￿4i￿￿@h)￿?} @?_ |L i T*￿U￿|*) _ih￿￿i LT|￿L? Th￿Uit ￿?_ih |￿@| 4@￿?|@￿?i_
@tt￿4T|￿L?￿ W?|ihit|￿?}*)c |￿￿t *￿|ih@|￿hi ￿@t _i￿i*LTi_ @*L?} |￿L hi*@|i_ M￿| tL4i￿￿@|
_￿gihi?| @￿i?￿it￿ A￿i i@h*) *￿|ih@|￿hi L? LT|￿L? ￿@*￿@|￿L? ￿￿|￿ |￿4i￿￿@h)￿?} ￿L*@|￿*￿|) ￿t
*@h}i*) tTiU￿￿i_ ￿? UL?|￿?￿L￿t |￿4i EO￿** @?_ ‘￿￿|i E￿bH.￿c aL￿?tL? @?_ 5￿@??L E￿bH.￿c
￿i*￿?L @?_ A￿h?M￿** E￿bbf￿c 5UL|| E￿bH.￿c @?_ ‘￿}}￿?t E￿bH.￿￿￿ A￿i ￿ti Lu UL?|￿?￿L￿t |￿4i
4L_i*t ￿@t Uih|@￿? @_￿@?|@}it￿ W4TLh|@?|*)c uLh Uih|@￿? UL?|￿?￿L￿t￿|￿4i LT|￿L? ￿@*￿@|￿L?
4L_i*t ￿￿|￿ |￿4i￿￿@h)￿?} ￿L*@|￿*￿|)c ￿| ￿t TLtt￿M*i |L ￿?_ @?@*)|￿U@* tL*￿|￿L?t uLh LT|￿L? Th￿Uit
Etii Oit|L? E￿bb￿￿￿￿ A￿i _￿t@_￿@?|@}i Lu UL?|￿?￿L￿t￿|￿4i 4L_i*t ￿t |￿@| it|￿4@|￿?} |￿i
4L_i* T@h@4i|iht ￿t ?L| ?iUitt@h￿*) t|h@￿}￿|uLh￿@h_ @t ￿L*@|￿*￿|) ￿t 4L_i**i_ @t @? ￿?LMtih￿i_
u@U|Lhc @?_ @t hi@*￿￿Lh*_ _@|@ ￿t Lu UL￿hti hiULh_i_ @| _￿tUhi|i ￿?|ih￿@*t￿ ￿i￿ih|￿i*ittc
iUL?L4i|h￿U￿@?t ￿@￿i 4@_i }hi@| t|h￿_it ￿? |￿￿t _L4@￿?c @?_ |￿i *￿|ih@|￿hi L? |￿i it|￿4@|￿L?
Lu UL?|￿?￿L￿t￿|￿4i LT|￿L? ￿@*￿@|￿L? 4L_i*t ￿@t i T*L_i_ ￿? hiUi?| )i@ht￿￿
￿? @*|ih?@|￿￿i @?_ ￿?|￿￿|￿￿i @TThL@U￿ ￿t |L _￿hiU|*) tTiU￿u) 4L_i*t Lu |￿4i￿￿@h)￿?} ￿L*@|￿*￿
￿|) @| @ _￿tUhi|i uhi^￿i?U) 4@|U￿￿?} |￿@| Lu |￿i LMtih￿i_ _@|@￿ 6L**L￿￿?} |￿i ￿Lh! Lu ,?}*i
E￿bH2￿ @?_ ￿L**iht*i￿ E￿bHS￿c @ ￿L*￿4￿?L￿t iUL?L4i|h￿U *￿|ih@|￿hi ￿@t _i￿i*LTi_ L? ￿L*@|￿*￿
￿|) it|￿4@|￿L? @?_ uLhiU@t|￿?} ￿t￿?} _￿tUhi|i |￿4i B￿+￿O ThLUittit Etii |￿i L￿ih￿￿i￿ ￿?
￿L**iht*i￿c ￿￿L￿ @?_ khL?ih E￿bb2￿￿￿2 #￿@? E￿bbD￿ U￿@h@U|ih￿3it |￿i |h@?t￿|￿L? Mi|￿ii? |￿i
4Iru ryhuylhzv rq hfrqrphwulf whfkqltxhv wr hvwlpdwh frqwlqxrxv wlph prghov/ vhh Fdpsehoo/ Or dqg
PdfNlqod| +4<<:,/ Jk|vhov/ Kduyh| dqg Uhqdxow +4<<9,/ Pholqr +4<<7,/ Uhqdxow +4<<:, dqg Wdxfkhq +4<<:,1
Iru hpslulfdo dssolfdwlrqv ri wkhvh wr rswlrqv sulfhv vhh Dqghuvhq/ Ehq}rql/ dqg Oxqg +4<<<,/ Ednvkl/ Fdr
dqg Fkhq +4<<:,/ Ehq}rql +4<<;,/ Fkhuqry dqg Jk|vhov +5333, / Edwhv +4<<9d,/ Hudnhu +5333,/ Mldqj +4<<;,/
Mrqhv +5333, dqg Sdq +5333,1
5Vrph lpsruwdqw sdshuv wkdw hvwlpdwh JDUFK prghov iru dvvhw uhwxuqv g|qdplfv duh Eroohuvohy/ Hqjoh
dqg Zrrogulgjh +4<;;,/ Iuhqfk/ Vfkzhuw dqg Vwdpedxjk +4<;:,/ Jorvwhq/ Mdjdqqdwkdq dqg Uxqnoh +4<<6,/
2T￿)t￿U@* @?_ h￿t!￿?i￿|h@* ThLM@M￿*￿|) _￿t|h￿M￿|￿L?t ￿u |￿i _)?@4￿U Lu |￿i Th￿4￿|￿￿i tiU￿h￿|) ￿t
}￿￿i? M) @ B￿+￿O ThLUittc @?_ |￿￿t it|@M*￿t￿it |￿i uL￿?_@|￿L? uLh |￿i ￿@*￿@|￿L? Lu ,￿hL￿
Ti@? LT|￿L?t￿ B@hU￿@ @?_ +i?@￿*| E￿bbH￿ _￿tU￿tt ￿i_}￿?} ￿? B￿+￿O 4L_i*t￿ +￿|U￿!i? @?_
Ahi￿Lh E￿bbb￿ ￿? |￿h? UL?t|h￿U| |h￿?L4￿@* |hiit |L Th￿Ui ￿4ih￿U@? LT|￿L?t ￿?_ih B￿+￿O￿
5i￿ih@* T@Tiht ￿@￿i ￿?￿it|￿}@|i_ @tTiU|t Lu |￿i i4T￿h￿U@* TihuLh4@?Ui Lu |￿iti 4L_i*t￿ ￿4￿?
@?_ ￿} E￿bb￿￿ it|￿4@|i B￿+￿O T@h@4i|iht ￿?_ih |￿i T￿)t￿U@* _￿t|h￿M￿|￿L? @?_ ￿?￿it|￿}@|i
|￿i LT|￿L? ￿@*￿@|￿L? ￿4T*￿U@|￿L?t uLh ￿?_￿￿￿_￿@* t|LU!t￿ ,?}*i @?_ ￿￿t|@u@ E￿bb2￿ M@U! L￿|
￿4T*￿i_ ￿L*@|￿*￿|) T@|￿t uhL4 LT|￿L? Th￿Uit @?_ it|￿4@|i B￿+￿O 4L_i* T@h@4i|iht |L 4@|U￿
|￿iti T@|￿tc @?_ #￿@? E￿bbS￿ it|￿4@|it B￿+￿O T@h@4i|iht ￿?_ih |￿i h￿t! ?i￿|h@* _￿t|h￿M￿￿
|￿L? ￿t￿?} @ t￿?}*i UhLtt￿tiU|￿L? Lu LT|￿L? Th￿Uit @?_ ￿?￿it|￿}@|it |￿i TL|i?|￿@* Lu |￿￿t 4L_i*
|L i T*@￿? |￿i t4￿*i￿ W? @ hiUi?| T@Tihc Oit|L? @?_ ￿@?_￿ E2fff￿ uLh4￿*@|i @ T@h|￿U￿*@h
B￿+￿O tTiU￿￿U@|￿L? |￿@| )￿i*_t @? @?@*)|￿U@* tL*￿|￿L? @?_ ThL￿￿_i @? i4T￿h￿U@* @?@*)t￿t Lu
|￿i 4L_i*￿ A￿i) UL?￿￿?U￿?}*) _i4L?t|h@|i |￿@| |￿i ￿?U*￿t￿L? Lu @ *i￿ih@}i igiU| @t ￿i** @t
￿L*@|￿*￿|) U*￿t|ih￿?} @hi Lu }hi@| ￿4TLh|@?Ui ￿? ￿4ThL￿￿?} ￿@*￿@|￿L? TihuLh4@?Ui￿￿
‘￿￿*i |￿iti T@Tiht 4@!i ￿4TLh|@?| UL?|h￿M￿|￿L?tc ￿| ￿t U*i@h |￿@| 4@?) ￿tt￿it hi4@￿?
￿?i T*Lhi_￿ ￿Lt| }*@h￿?}*)c |￿i *￿|ih@|￿hi |￿@| it|￿4@|it B￿+￿O ThLUittit ￿t￿?} |￿4i
tih￿it L? @tti| hi|￿h?t UL?|@￿?t @ ￿i@*|￿ Lu i￿￿_i?Ui L? tTiU￿￿U@|￿L?t |￿@| }i?ih@*￿3i |￿i
u@￿h*) t￿4T*i B￿+￿O ThLUittit |￿@| @hi ￿ti_ ￿? |￿i LT|￿L? ￿@*￿@|￿L? *￿|ih@|￿hi￿ W| tii4t
?@|￿h@* |￿@| |￿i *@h}i @4L￿?| Lu ￿Lh! hiti@hU￿iht ￿@￿i T￿| ￿?|L 4L_i*￿?} |￿i ￿L*@|￿*￿|) Lu
uLhi￿}? i U￿@?}ic ML?_c i^￿￿|) @?_ ￿?_i  hi|￿h?tc t￿L￿*_ @*tL Mi hi*i￿@?| uLh ￿||￿?} |￿i
Th￿Uit Lu LT|￿L?t ￿h￿||i? L? |￿iti ￿?_ih*)￿?} @tti|t￿ ￿￿h￿L￿t*) ￿L￿i￿ihc ?L T@Tih tL u@h ￿@t
@ttitti_ |￿i hi*@|￿￿i TihuLh4@?Ui Lu _￿gihi?| B￿+￿O 4L_i*t ￿? ￿@*￿￿?} LT|￿L?t @UhLtt t|h￿!i
Th￿Uit @?_ |￿4it￿|L￿4@|￿h￿|)￿ A￿￿t T@Tih ￿?|i?_t |L ￿** |￿￿t }@T￿ ‘i @TT*) |￿i B￿+￿O
tTiU￿￿U@|￿L?t Lu #￿?}c Bh@?}ih @?_ ,?}*i E￿bb￿￿ @?_ Oi?|tU￿i* E￿bbD￿￿ A￿iti tTiU￿￿U@|￿L?t
t￿44@h￿3i |￿i _￿gihi?Uit Mi|￿ii? _￿gihi?| B￿+￿O 4L_i*t ￿? |ih4t Lu _￿gihi?Uit ￿? |￿i
?i￿t ￿4T@U| u￿?U|￿L? E￿@}@? @?_ 5U￿￿ih| E￿bbf￿ @?_ ,?}*i @?_ ￿} E￿bb￿￿￿￿ A￿hL￿}￿
￿￿_￿U￿L￿t U￿L￿Ui Lu |￿i tTiU￿￿U@|￿L? Lu |￿i ?i￿t ￿4T@U| u￿?U|￿L?c |￿iti 4L_i*t 4@?@}i |L
?it| @ ?￿4Mih Lu i ￿t|￿?} B￿+￿O tTiU￿￿U@|￿L?t￿ ￿_LT|￿?} |￿iti tTiU￿￿U@|￿L?t |￿ihiuLhi
@**L￿t ￿t |L ￿?￿it|￿}@|i |￿i Th￿U￿?} TihuLh4@?Ui Lu @ ?￿4Mih Lu i ￿t|￿?} 4L_i*t ￿￿￿*i !iiT￿?}
|￿i i4T￿h￿U@* @?@*)t￿t 4@?@}i@M*i￿
‘i i￿@*￿@|i |￿i ￿@*￿@|￿L? TihuLh4@?Ui Lu |￿i B￿+￿O tTiU￿￿U@|￿L?t ML|￿ ￿?￿ @?_ L￿|￿
Lu￿t@4T*ic @?_ ￿i it|￿4@|i 4L_i* T@h@4i|iht ￿?_ih |￿i T￿)t￿U@* @t ￿i** @t |￿i h￿t!￿?i￿|h@*
ThLM@M￿*￿|) _￿t|h￿M￿|￿L?t￿ W? _L￿?} |￿￿tc ￿i @||i4T| |L _i4L?t|h@|i |￿@| LT|￿L? ￿@*￿@|￿L? ￿?
|￿￿t uh@4i￿Lh! ￿t ui@t￿M*i￿ N?uLh|￿?@|i*)c i UiT| uLh ￿? @ *￿4￿|i_ U*@tt Lu ThLUittit EOit|L?
@?_ ￿@?_￿ E2fff￿￿c @?@*)|￿U@* tL*￿|￿L?t @hi ?L| @￿@￿*@M*i @?_ ￿i ￿@￿i |L hitLh| |L ?￿4ih￿U@*
tL*￿|￿L?t￿ OL￿i￿ihc @_￿@?Uit ￿? UL4T￿|@|￿L?@* TL￿ih ￿@￿i hi?_ihi_ ?￿4ih￿U@* |iU￿?￿^￿it
Sdjdq dqg Vfkzhuw +4<<3, dqg Vfkzhuw +4<;<,1
6Vhyhudo vwxglhv kdyh dovr vwxglhg wkh uhodwlrqvkls ehwzhhq yrodwlolw| lpsolhg lq rswlrq sulfhv dqg wkh
frqglwlrqdo yrodwlolw| lq JDUFK prghov hvwlpdwhg iurp uhwxuqv1 Vhh Gd| dqg Ohzlv +4<<5,/ Mrulrq +4<<8,
dqg Odprxuhx{ dqg Odvwudshv +4<<6,1
￿4￿U￿ 4Lhi ui@t￿M*ic @?_ u￿h|￿ih4Lhic @ _i￿?￿?} Mi?i￿| Lu |￿iti _￿tUhi|i |￿4i 4L_i*t ￿t |￿@|
L?i￿Tih￿L_ @￿i@_ UL?_￿|￿L?@* ￿L*@|￿*￿|) ￿t _i|ih4￿?￿t|￿U￿ A￿￿t UL?t|￿|￿|it @ }hi@| @_￿@?|@}i
L￿ih UL?|￿?￿L￿t |￿4i 4L_i*t ￿￿ihi ￿L*@|￿*￿|) ￿@t |L Mi i |h@U|i_ @u|ih |￿i T@h@4i|iht Lu @
}￿￿i? 4L_i* ￿@￿i Mii? it|￿4@|i_￿
￿￿h hit￿*|t @hi t￿hTh￿t￿?}￿ ‘￿￿*i 4Lt| Lu |￿i B￿+￿O *￿|ih@|￿hi |￿@| ￿?￿it|￿}@|it hi|￿h?t
_@|@ ￿t￿?} 4@ ￿4￿4 *￿!i*￿￿LL_ u@￿Lht hi*@|￿￿i*) UL4T*i  4L_i*tc ￿i ￿?_ |￿@| uLh |￿i T￿hTLti
Lu LT|￿L? ￿@*￿@|￿L?c L?i t￿L￿*_ ?L| *LL! Mi)L?_ @ t￿4T*i B￿+￿O 4L_i* |￿@| @**L￿t uLh
￿L*@|￿*￿|) U*￿t|ih￿?} @?_ @ *i￿ih@}i igiU|￿ ‘￿￿*i |￿i *itt T@ht￿4L?￿L￿t 4L_i*t ￿i ￿?￿it|￿}@|i
@U￿￿i￿i @ Mi||ih ￿| ￿￿i? it|￿4@|￿?} ￿t￿?} hi|￿h?t _@|@ @?_ ￿￿i? i￿@*￿@|￿?} LT|￿L? Th￿Uit
￿?￿t@4T*ic |￿i) TihuLh4 ￿Lhti |￿@? |￿i T@ht￿4L?￿L￿t 4L_i* L￿|￿Lu￿t@4T*i￿ ￿LhiL￿ihc |￿i
￿4ThL￿i4i?| ￿? ￿?￿t@4T*i ￿| ￿t t4@** ￿? tL4i U@titc i￿i? |￿L￿}￿ |￿i i |h@ T@h@4i|iht @hi
￿t￿@**) t￿}?￿￿U@?|*) it|￿4@|i_￿
B￿￿i? |￿@| |￿i tTiU￿￿U@|￿L?t ￿i ￿?￿it|￿}@|i ?it| @ ?￿4Mih Lu B￿+￿O 4L_i*tc L￿h hit￿*|t
￿@￿i TL|i?|￿@**) tih￿L￿t ￿4T*￿U@|￿L?t￿ ￿iU@￿ti 4￿U￿ Lu |￿i *￿|ih@|￿hi L? UL4T*i B￿+￿O
4L_i*t _Lit ?L| UL?t￿_ih iUL?L4￿U@**) 4L|￿￿@|i_ LM￿iU|￿￿i u￿?U|￿L?tc ￿|t ￿@*￿i UL￿*_ Mi T￿|
￿?|L ^￿it|￿L? ￿u L|￿ih LM￿iU|￿￿i u￿?U|￿L?t )￿i*_ t￿4￿*@h hit￿*|t￿ ￿LhiL￿ihc |￿ihi @hi i^￿@**)
tih￿L￿t UL?ti^￿i?Uit uLh |￿i UL?|￿?￿L￿t￿|￿4i t|LU￿@t|￿U ￿L*@|￿*￿|) *￿|ih@|￿hi￿ ‘￿￿*i |￿i
i4T￿h￿U@* hiti@hU￿ L? _￿tUhi|i @?_ UL?|￿?￿L￿t￿|￿4i 4L_i*t ￿@t _i￿i*LTi_ ￿?_iTi?_i?|*)c ￿i
!?L￿ |￿@| 4Lt| UL?|￿?￿L￿t￿|￿4i 4L_i*t U@? Mi uLh4￿*@|i_ @t |￿i *￿4￿| U@tit Lu _￿tUhi|i￿
|￿4i 4L_i*t E￿i*tL? @?_ 6Lt|ih E￿bbe￿c #￿@? E￿bb.￿c Oit|L? @?_ ￿@?_￿ E2fff￿￿￿ A￿i
￿4T*￿U@|￿L? Lu L￿h hit￿*|t uLh |￿i UL?|￿?￿L￿t |￿4i t|LU￿@t|￿U ￿L*@|￿*￿|) *￿|ih@|￿hi ￿t |￿ihiuLhi
|￿@| |￿ihi 4@) Mi *￿||*i |L }@￿? uhL4 4L￿￿?} Mi)L?_ |￿i t￿4T*i ￿L*@|￿*￿|) tTiU￿￿U@|￿L? ￿?
Oit|L? E￿bb￿￿c ￿￿￿U￿ @**L￿t uLh ￿L*@|￿*￿|) U*￿t|ih￿?} @?_ @ *i￿ih@}i igiU|c @?_ ￿￿￿U￿ Lgiht
|￿i _￿t|￿?U| @_￿@?|@}i Lu @? @?@*)|￿U@* tL*￿|￿L?￿e
A￿i hi4@￿?_ih Lu |￿i T@Tih ￿t Lh}@?￿3i_ @t uL**L￿t￿ W? 5iU|￿L? 2 ￿i _￿tU￿tt |￿i it|￿4@|￿L?
4i|￿L_L*L}) ￿?_ih |￿i T￿)t￿U@* @t ￿i** @t |￿i h￿t!￿?i￿|h@* 4i@t￿hi￿ 5iU|￿L? ￿ ￿?|hL_￿Uit
|￿i _@|@ ti|c 5iU|￿L? e _￿tU￿ttit |￿i i4T￿h￿U@* hit￿*|tc @?_ 5iU|￿L? D UL?U*￿_it @?_ TL￿?|t
L￿| _￿hiU|￿L?t uLh u￿|￿hi ￿Lh!￿
2 ￿i|￿L_L*L})
W? |￿￿t tiU|￿L? ￿i _￿tU￿tt |￿i _￿gihi?| 4i|￿L_L*L}￿it ￿ti_ |L it|￿4@|i T@h@4i|iht uLh |￿i
LT|￿L? ￿@*￿@|￿L? 4L_i*t￿ ‘i ￿ht| L￿|*￿?i |￿i 4i|￿L_L*L}) ￿ti_ |L it|￿4@|i |￿i T@h@4i|iht Lu
|￿i ￿L*@|￿*￿|) ThLUitt ￿?_ih |￿i T￿)t￿U@* ThLM@M￿*￿|) 4i@t￿hi￿ A￿￿t 4i|￿L_L*L}) i U*￿t￿￿i*)
7Hyhq li wkhuh pd| eh olwwoh wr jdlq iurp fkdqjlqj wkh yrodwlolw| g|qdplf lq frqwlqxrxv0wlph vwrfkdvwlf
yrodwlolw| prghov/ lw pd| suryh zruwkzkloh wr fkdqjh rwkhu exloglqj eorfnv ri wkhvh prghov/ vxfk dv wkh
vshfl￿fdwlrq ri wkh mxpsv lq sulfhv dqg yrodwlolw| +vhh Dqghuvhq/ Ehq}rql dqg Oxqg +4<<<,/ Ednvkl/ Fdr dqg
Fkhq +4<<:,/ Edwhv +4<<9d/ 5333,/ Gx￿h/ Sdq dqg Vlqjohwrq +5333,/ Hudnhu +5333,/ Mldqj +4<<;, dqg Sdq
+5333,,1
e￿tit |￿i hi|￿h?t L? |￿i ￿?_ih*)￿?} @tti|￿ 5￿Mti^￿i?|*) ￿i _￿tU￿tt |￿i it|￿4@|￿L? Lu |￿i
T@h@4i|iht Lu |￿i ￿L*@|￿*￿|) ThLUitt ￿?_ih |￿i h￿t! ?i￿|h@* ThLM@M￿*￿|) 4i@t￿hi￿ ‘i it|￿4@|i
|￿i h￿t! ?i￿|h@* 4i@t￿hi M) UL4M￿?￿?} _@|@ L? hi|￿h?t ￿￿|￿ _@|@ L? LT|￿L? Th￿Uit￿ AL U*@h￿u)
|￿i hi*@|￿L?t￿￿T Mi|￿ii? |￿i T￿)t￿U@* @?_ h￿t! ?i￿|h@* ThLM@M￿*￿|) 4i@t￿hitc ￿i ￿?_￿U@|i |￿i
hi*@|￿L?t￿￿T Mi|￿ii? |￿i T@h@4i|iht LM|@￿?i_ ￿?_ih |￿i T￿)t￿U@* @?_ h￿t!￿?i￿|h@* ￿L*@|￿*￿|)
_)?@4￿Ut￿
2￿￿ ,t|￿4@|￿?} |￿i VL*@|￿*￿|) ￿hLUitt N?_ih A￿i ￿￿)t￿U@* ￿hLM@￿
M￿*￿|) ￿i@t￿hi Nt￿?} ￿tti| +i|￿h?t
‘i ￿?￿it|￿}@|i |￿i t|@?_@h_ U*@tt Lu B￿+￿O 4L_i*t T￿L?iihi_ M) ,?}*i E￿bH2￿ @?_ ￿L**ih￿
t*i￿ E￿bHS￿￿ B￿+￿O 4L_i*t @hi _￿tUhi|i￿|￿4i 4L_i*t |￿@| ￿@￿i Mii? ￿ti_ |L it|￿4@|i @ ￿@￿
h￿i|) Lu ￿?@?U￿@* |￿4i tih￿it t￿U￿ @t t|LU! hi|￿h?tc ￿?|ihit| h@|it @?_ uLhi￿}? i U￿@?}i h@|it￿
5ii ￿L**iht*i￿c ,?}*i @?_ ￿i*tL? E￿bbe￿ uLh @? L￿ih￿￿i￿ Lu B￿+￿O 4L_i*t @?_ ￿L**iht*i￿c
￿￿L￿ @?_ khL?ih E￿bb2￿ @?_ ￿@4TMi**c wL @?_ ￿@Uk￿?*@) E￿bb.￿ uLh @? L￿ih￿￿i￿ Lu |￿i ￿ti
Lu B￿+￿O 4L_i*t uLh ￿?@?U￿@* |￿4i tih￿it￿ ‘i @tt￿4i |￿@| |￿i *L}@h￿|￿4 Lu t|LU! hi|￿h?t
￿?_ih |￿i T￿)t￿U@* ThLM@M￿*￿|) 4i@t￿hi ￿ uL**L￿t |￿i _)?@4￿U







￿|5|c5 | ￿ ￿Efc￿￿c E￿￿
￿￿ihi o ￿t |￿i h￿t!￿uhii h@|ic @?_ b ￿t |￿i Th￿Ui Lu h￿t!￿ ￿L|￿Ui |￿@| ￿| uL**L￿t |￿@| |￿i
UL?_￿|￿L?@* i TiU|@|￿L? Lu }hLtt hi|￿h?t ￿t
.
￿di TE-|￿ml|3￿o ’ i TEo n b
t
￿|￿￿ E2￿
A￿i tTiU￿￿U@|￿L? Lu hi|￿h?t ￿? E￿￿ ￿t UL44L? |L @** B￿+￿O 4L_i*t ￿i ￿?￿it|￿}@|i￿ A￿i
_￿gihi?Uit Mi|￿ii? |￿i 4L_i*t UL?Uih? |￿i tTiU￿￿U@|￿L? Lu |￿i ￿L*@|￿*￿|) _)?@4￿U ￿|￿ #￿?}c
Bh@?}ih @?_ ,?}*i E￿bb￿￿ @?_ Oi?|tU￿i* E￿bbD￿ ThL￿￿_i ￿ih) }i?ih@* tTiU￿￿U@|￿L?t Lu |￿i
￿L*@|￿*￿|) _)?@4￿U |￿@| ?it| 4Lt| i ￿t|￿?} ￿Lh!￿ ￿L|￿￿@|i_ M) |￿iti t|￿_￿itc ￿i ￿ht| ￿h￿|i
|￿i ￿L*@|￿*￿|) _)?@4￿U ￿| @t uL**L￿tD
￿| ’ qf n q￿￿|3￿ n q2￿|3￿sE5|3￿￿ E￿￿
￿￿ihi 5| ￿ ￿Efc￿￿￿ #￿gihi?| B￿+￿O 4L_i*t @hi 4@￿?*) U￿@h@U|ih￿3i_ M) _￿gihi?Uit ￿? |￿i




ue￿eo@}e G sE5|3￿￿’E 5|3￿ ￿ w￿
2
8Wkh ydvw pdmrulw| ri sdshuv lq wkh olwhudwxuh ￿qg olwwoh ru qr vxssruw iru kljkhu0rughu JDUFK prghov/
wkxv zh uhvwulfw dwwhqwlrq wr ￿uvw rughu prghov khuh1
D￿e￿r G sE5|3￿￿’im5|3￿ ￿ wm￿VE5|3￿ ￿ w￿j
2
￿J￿eo G sE5|3￿￿’E 5|3￿ ￿ w￿
2￿
￿e￿r:￿J￿eo G sE5|3￿￿’im5|3￿ ￿ wm￿VE5|3￿ ￿ w￿j
2￿
‘i |￿i? }i?ih@*￿3i |L @**L￿ uLh ?L?*￿?i@h ￿L*@|￿*￿|) _)?@4￿Ut @t uL**L￿t
￿J%￿￿J%G ￿
￿




|3￿sE5|3￿￿c ￿￿|￿ sE5|3￿￿’E 5|3￿ ￿ w￿
2￿ Ee￿
￿L|￿Ui |￿@| |￿i ￿e￿r:￿J￿eo4L_i* ?it|t |￿i ThiUi_￿?} 4L_i*tc ￿￿￿*i |￿i ￿e￿rc ￿J￿eo
@?_ ￿J% ￿ ￿J% 4L_i*t ?it| |￿i ue￿eo@}e @?_ 7￿6R,e 4L_i*t￿ AL @TThiU￿@|i |￿i ￿4TLh￿
|@?Ui Lu |￿i ￿??L￿@|￿L? u￿?U|￿L?c 6￿}￿hi W T*L|t uL￿h Lu |￿iti ￿??L￿@|￿L? u￿?U|￿L?t uLh Uih|@￿?
E@hM￿|h@h￿*) U￿Lti?￿ T@h@4i|ih UL4M￿?@|￿L?t￿ ￿** T@?i*t T*L| |￿i ￿??L￿@|￿L? u￿?U|￿L? sE5|3￿￿
@t @ u￿?U|￿L? Lu |￿i ￿￿￿￿_￿ Rt￿LU!￿ 5|3￿￿ W? i￿ih) T@?i* |￿i MhL!i? *￿?i _iT￿U|t |￿i t)44i|h￿U
￿??L￿@|￿L? u￿?U|￿L? @ttLU￿@|i_ ￿￿|￿ |￿i 7￿6R,e 4L_i*c @?_ |￿i tL*￿_ *￿?i _iT￿U|t |￿i ￿??L￿@￿
|￿L? u￿?U|￿L? uLh |￿i @*|ih?@|￿￿i 4L_i*c ￿￿￿U￿ ￿@t i |h@ T@h@4i|iht￿ W| U@? Mi tii? |￿@| |￿i
ue￿eo@}e T@h@4i|ih w Rt￿￿u|t￿ |￿i ￿??L￿@|￿L? u￿?U|￿L?c |￿i ￿e￿r T@h@4i|ih V R|￿*|t￿ |￿i
￿??L￿@|￿L? u￿?U|￿L?c @?_ |￿i ￿J￿eo T@h@4i|ihtc ￿ @?_ ￿ ￿@||i? Lh t|iiTi? |￿i ￿??L￿@|￿L?
u￿?U|￿L?￿ 5￿4￿*@h igiU|t @hi _itUh￿Mi_ ￿? ￿@}@? @?_ 5U￿￿ih| E￿bbf￿c ,?}*i @?_ ￿} E￿bb￿￿c
#￿?}c Bh@?}ih @?_ ,?}*i E￿bb￿￿ @?_ Oi?|tU￿i* E￿bbD￿￿
A￿i Tiht￿t|i?Ui Lu |￿i 4L_i*t ￿?_ih UL?t￿_ih@|￿L? U@? Mi ￿h￿||i? @t
￿eor￿r|e?Se ’ q￿ n q2. isE5|3￿￿j ED￿
￿￿ihi . isE5|3￿￿j U@? Mi U@*U￿*@|i_ @?@*)|￿U@**) uLh |￿i 7￿6R,e 4L_i* |L Mi ￿c uLh |￿i














￿￿ihi ￿Ew￿@ ? _xE w￿ _i?L|i |￿i ThLM@M￿*￿|) _i?t￿|) u￿?U|￿L? @?_ |￿i U￿4￿*@|￿￿i _￿t|h￿M￿|￿L?
u￿?U|￿L? uLh |￿i t|@?_@h_ ?Lh4@*￿ 6Lh |￿i |￿hii L|￿ih 4L_i*tc ￿J￿eoc ￿e￿r:￿J￿eo @?_
￿J%￿￿J%c|￿i Tiht￿t|i?Ui 4i@t￿hi U@? Mi UL4T￿|i_ i@t￿*) ￿t￿?} t￿4￿*@|￿L?￿ ￿L|￿Ui |￿@| ￿?
|￿i ￿J%￿ ￿J% 4L_i*c Tiht￿t|i?Ui ￿t ￿￿|￿ hitTiU| |L |￿i TL￿ih Lu ￿L*@|￿*￿|)c ￿
￿
| h@|￿ih |￿@?
Lu ￿L*@|￿*￿|) ￿|ti*u￿ W| ￿t |￿i U@ti uLh @** 4L_i*t |￿@| hit|h￿U|￿?} |￿i Tiht￿t|i?Ui |L Mi Mi*L￿
￿?￿|) }￿@h@?|iit UL￿@h￿@?Ui t|@|￿L?@h￿|) Lu |￿i 4L_i*￿
￿?i ￿@) |L Th￿Ui LT|￿L?t ￿?_ih B￿+￿O _)?@4￿Ut uLh hi|￿h?t ￿t |L ThLUii_ ￿? |￿L t|iTt￿
W? @ ￿ht| t|iTc L?i it|￿4@|it |￿i T@h@4i|iht Lu E￿￿ @?_ E￿￿ ￿?_ih |￿i T￿)t￿U@* ThLM@M￿*￿|)
4i@t￿hi ￿t￿?} @tti| hi|￿h?t￿ W? @ tiUL?_ t|iTc L?i 4@Tt |￿iti T@h@4i|iht ￿?|L |￿i T@h@4i|iht
uLh |￿i h￿t!￿?i￿|h@* _￿t|h￿M￿|￿L?￿ 6Lh B￿+￿O 4L_i*tc |￿￿t @TThL@U￿ ￿t uL**L￿i_ uLh ￿?t|@?Ui
M) ￿4￿? @?_ ￿} E￿bb￿￿c ￿L**iht*i￿ @?_ ￿￿!!i*ti? E￿bbS￿c @?_ O@h_*i @?_ O@u?ih E2fff￿￿
A￿￿t tiUL?_ t|iT ￿t _itUh￿Mi_ ￿? 4Lhi _i|@￿* ￿? |￿i ?i | t￿MtiU|￿L?￿ AL ￿4T*i4i?| |￿i ￿ht|
t|iTc @ UL?￿i?￿i?| @TThL@U￿ ￿t |L it|￿4@|i |￿i 4L_i* T@h@4i|iht ￿t￿?} 4@ ￿4￿4 *￿!i*￿￿LL_￿
S#i?L|￿?} |￿i ￿iU|Lh Lu ￿L*@|￿*￿|) T@h@4i|iht M) Bc ￿i 4@ ￿4￿3i |￿i uL**L￿￿?} *L} *￿!i*￿￿LL_
u￿?U|￿L? EUL?_￿|￿L?￿?} L? |￿i ￿ht| LMtih￿@|￿L?￿















2￿2 Ah@?tuLh4￿?} |￿i ￿￿)t￿U@* +i|￿h? #)?@4￿U |L @ +￿t! ￿i￿|h@*
#)?@4￿U
AL ￿ti |￿i T@h@4i|iht LM|@￿?i_ ￿?_ih |￿i T￿)t￿U@* ThLM@M￿*￿|) 4i@t￿hi uLh LT|￿L? ￿@*￿@|￿L?c
￿i ￿@￿i |L Mi i T*￿U￿| @ML￿| |￿i hi*@|￿L?t￿￿T Mi|￿ii? |￿i T￿)t￿U@* @?_ h￿t! ?i￿|h@* _)?@4￿U￿
A￿￿t hi*@|￿L?t￿￿T @4L￿?|t |L @ U￿L￿Ui Lu Th￿U￿?} !ih?i* Lh i^￿￿￿@*i?|*) @ U￿L￿Ui Lu |￿i ￿|￿*￿|)
u￿?U|￿L? Lu |￿i hiThiti?|@|￿￿i @}i?|￿ W? @ B￿+￿O UL?|i |c #￿@? E￿bbD￿c M￿￿*_￿?} L? |￿i
￿Lh! Lu +￿M￿?t|i￿? E￿b.S￿ @?_ ￿hi??@? E￿b.b￿c ThL￿￿_it @ *LU@**) h￿t!￿?i￿|h@* ￿@*￿@|￿L?
hi*@|￿L?t￿￿T Eu-￿T -￿ ￿￿￿U￿ ￿t t@|￿t￿i_ M) @ 4i@t￿hi ’ ￿u
.





A￿i u-￿T - ￿4T*￿it |￿@| ￿?_ih |￿i h￿t! ?i￿|h@* 4i@t￿hi ’c |￿i hi|￿h? ThLUitt i￿L*￿it
@UULh_￿?} |L









| ￿ ￿Efc￿￿￿ Eb￿
A￿i ￿L*@|￿*￿|) ThLUitt E￿￿ MiUL4it ￿?_ih |￿i h￿t!￿?i￿|h@* 4i@t￿hiS







AL ThL￿￿_i tL4i 4Lhi ￿?t￿}￿| ￿?|L |￿￿t hit￿*|c ?L|￿Ui |￿@| tL*￿￿?} uLh 5W
|3￿ uhL4 |￿i h￿t!













￿￿ihi@t tL*￿￿?} uLh 5|3￿ uhL4 |￿i T￿)t￿U@* _)?@4￿U E￿￿ ￿i }i|
5|3￿ ’
￿





















9Wklv vshfl￿fdwlrq rqo| fryhuv wkh Vlpsoh/ Ohyhudjh/ Qhzv> Srzhu dqg Qhzv)Srzhu prghov1 Wkh
wudqvirupdwlrq iru wkh Er{￿Fr{ prgho lq +7, lv vlplodu1








’ s E5|3￿￿c;s￿ E￿￿￿
B￿￿i? |￿i h￿t! ?i￿|h@* _)?@4￿U ￿? Eb￿ @?_ E￿f￿c |￿i Th￿Ui Lu @ ,￿hLTi@? U@** LT|￿L? U@? Mi
UL4T￿|i_ @t
￿E￿| EBcb￿ ￿’i  T E ￿oEA ￿ |￿￿.
’d4@ E7A ￿ gcf￿ml|3￿oc E￿e￿
OL￿i￿ihc ￿i _L ?L| ￿@￿i @? @?@*)|￿U@* i Thitt￿L? uLh |￿￿t LT|￿L? Th￿Ui￿ ￿iU@￿ti |￿i 4￿*|￿￿
Tih￿L_ _￿t|h￿M￿|￿L? Lu |￿i B￿+￿O ThLUitt ￿t ￿?!?L￿?c ￿i ?ii_ |L UL4T￿|i |￿i UL?_￿|￿L?@*
i TiU|@|￿L? ￿t￿?} ￿L?|i ￿@h*L t￿4￿*@|￿L?c |￿i _i|@￿*t Lu ￿￿￿U￿ ￿￿** Mi _￿tU￿tti_ Mi*L￿￿
￿t 4i?|￿L?i_ @ML￿ic ￿i U@? ￿4T*i4i?| |￿i LT|￿L? ￿@*￿@|￿L? 4L_i*t ￿? |￿L t|iTt￿ W?
@ ￿ht| t|iTc ￿i LM|@￿? it|￿4@|it ￿ B @?_ ￿ b uLh |￿i T@h@4i|iht B @?_ b ￿?_ih |￿i T￿)t￿U@*
ThLM@M￿*￿|) 4i@t￿hi ￿t￿?} @ |￿4i tih￿it Lu hi|￿h?t @t _itUh￿Mi_ ￿? tiU|￿L? 2￿￿￿ W? @ tiUL?_
t|iTc ￿i ￿ti |￿iti T@h@4i|iht ￿? |￿i h￿t! ?i￿|h@* _)?@4￿U E￿f￿ @?_ UL4T￿|i |￿i LT|￿L? Th￿Ui
￿t￿?} E￿e￿￿ A￿i ￿| Lu @ ￿L*@|￿*￿|) 4L_i* U@? |￿i? Mi @ttitti_ ￿t￿?} t|@?_@h_ *Ltt u￿?U|￿L?t￿







￿￿ ￿￿￿E￿|E￿ Bc￿ b￿
￿2
E￿D￿




￿t |￿i ULhhitTL?_￿?} 4L_i* Th￿Uic @?_
￿ ￿t |￿i |L|@* ?￿4Mih Lu UL?|h@U|t ￿? |￿i t@4T*i￿ A￿i t@4T*i U@? UL?t￿t| Lu @ ?￿4Mih Lu
UL?|h@U|t L? @ }￿￿i? _@)c Lh @ ?￿4Mih Lu UL?|h@U|t L? _￿gihi?| _@)t￿
2￿￿ ,t|￿4@|￿?} |￿i VL*@|￿*￿|) ￿hLUitt N?_ih |￿i +￿t!￿￿i￿|h@* ￿hLM￿
@M￿*￿|) ￿i@t￿hi Nt￿?} ￿T|￿L? ￿h￿Uit @?_ ￿tti| +i|￿h?t
W? |￿￿t tiU|￿L? ￿i _itUh￿Mi @? @*|ih?@|￿￿i @TThL@U￿ |L it|￿4@|￿?} |￿i T@h@4i|iht Lu |￿i ￿L*@|￿*￿
￿|) ThLUitt @?_ |it|￿?} |￿i LT|￿L? ￿@*￿@|￿L? 4L_i*t￿ A￿i @TThL@U￿ _itUh￿Mi_ @ML￿i |￿@|
it|￿4@|it |￿i T@h@4i|iht ￿?_ih |￿i T￿)t￿U@* ThLM@M￿*￿|) 4i@t￿hi ￿t UL?UiT|￿@**) t|h@￿}￿|￿
uLh￿@h_ @?_ UL4T￿|@|￿L?@**) i@t)￿ OL￿i￿ihc uLh |￿i T￿hTLti Lu LT|￿L? ￿@*￿@|￿L?c ￿| 4@) Mi
Thiuih@M*i |L it|￿4@|i |￿i T@h@4i|iht _￿hiU|*) ￿t￿?} E@ _￿gihi?| ti| Lu￿ LT|￿L? Th￿Uit￿ ￿?i
TLtt￿M*i @*|ih?@|￿￿i ￿t |L ￿ti ￿￿t| L?i UhLtt￿tiU|￿L? Lu LT|￿L? Th￿Uit @| tL4i TL￿?| ￿? |￿4i |L
it|￿4@|i￿ 6Lh ￿?t|@?Uic ￿u ￿i ￿ti @ 4i@?￿t^￿@hi_ _L**@h LM￿iU|￿￿i u￿?U|￿L?c ￿i U@? LM|@￿?









:Wkh fkrlfh ri orvv ixqfwlrq lv dq lpsruwdqw dqg riwhq ljqruhg wrslf1 Vhh Uhqdxow +4<<:, iru d fduhixo
glvfxvvlrq1
H￿￿ihi BW ￿t |￿i ￿iU|Lh Lu h￿t!￿?i￿|h@* T@h@4i|iht |L Mi it|￿4@|i_ @?_ ￿| ￿t |￿i ?￿4Mih Lu
LT|￿L? Th￿Uit Thiti?| ￿? |￿i t@4T*i @| |￿4i |￿ ￿*|ih?@|￿￿i*)c ￿u ￿i U￿LLti |L ￿ti 4Lhi |￿@?
L?i UhLtt￿tiU|￿L? Lu LT|￿L? Th￿Uit |L it|￿4@|i |￿i T@h@4i|ihtc |￿i? ￿i U@? *￿?! ￿L*@|￿*￿|) L?
_￿gihi?| _@|it ￿t￿?} |￿i |￿4i￿tih￿it Lu t|LU! hi|￿h?t￿ A￿i LM￿iU|￿￿i ￿t @}@￿? |L 4￿?￿4￿3i |￿i












￿| @?_ A ￿t |￿i |L|@* ?￿4Mih Lu _@)t ￿?U*￿_i_ ￿? |￿i t@4T*i￿ A￿i ￿T_@|￿?}
uhL4 ￿| |L ￿|n￿ ￿t _L?i ￿t￿?} |￿i LMtih￿i_ _@￿*) hi|￿h?tc -| L? |￿i ￿?_ih*)￿?} @tti|c M) t￿M￿
t|￿|￿|￿?} E￿2￿ ￿? E￿￿c ￿￿￿U￿ )￿i*_t @? ￿T_@|￿?} u￿?U|￿L? |￿@| i U*￿t￿￿i*) ￿?￿L*￿it LMtih￿@M*it














A￿ihi ￿t @ |iU￿?￿U@* ￿tt￿i hi}@h_￿?} ￿_i?|￿￿U@|￿L? ￿￿i? it|￿4@|￿?} ￿?_ih |￿i h￿t!￿?i￿|h@*
ThLM@M￿*￿|) 4i@t￿hi￿ A￿￿t ￿tt￿i ￿t Mit| ￿**￿t|h@|i_ ￿t￿?} @ tTiU￿￿U 4L_i* h@|￿ih |￿@? ￿t￿?}
|￿i }i?ih@* ?L|@|￿L? ￿?￿L*￿￿?} |￿i ￿??L￿@|￿L? u￿?U|￿L? sE5|3￿￿￿ 6Lh i @4T*ic ￿? |￿i U@ti Lu
|￿i ue￿eo@}e 4L_i*c |￿i LT|￿L? ￿@*￿@|￿L? uLh4￿*@ ￿?￿L*￿it |￿i hi|￿h?t uLh4￿*@ Eb￿ @?_ |￿i
h￿t!￿?i￿|h@* ￿L*@|￿*￿|) ThLUitt ￿t




|3￿ ￿ w ￿ b
￿2
E￿b￿
￿L|￿Ui |￿@| ￿i U@??L| tiT@h@|i*) ￿_i?|￿u) b @?_ w uhL4 Eb￿ @?_ E￿b￿c @t ￿i U@? L?*) it|￿4@|i
wW ￿ w n b￿ W| ￿t Lu|i? |￿L￿}￿| |￿@| M) ￿?U*￿_￿?} ti￿ih@* UhLtt￿tiU|￿L?t Lu LT|￿L?t ￿? |￿i
t@4T*ic L?i U@? tiT@h@|i*) ￿_i?|￿u) b @?_ wc MiU@￿ti Lu |￿i ￿ti Lu |￿i ￿L*@|￿*￿|) ￿T_@|￿?}
uLh4￿*@c ￿￿￿U￿ ￿t ￿? LM|@￿?i_ ￿?_ih |￿i T￿)t￿U@* ThLM@M￿*￿|) 4i@t￿hi￿ OL￿i￿ihc ?L|￿Ui |￿@|
uLh |￿i *i￿ih@}i 4L_i* |￿i ￿L*@|￿*￿|) ￿T_@|￿?} uLh4￿*@ E￿H￿ MiUL4it
￿| ’ qf n q￿￿|3￿ n q2￿|3￿
￿￿￿









￿ Eb n w￿
￿2
E2f￿
5L U*i@h*) ￿i U@??L| tiT@h@|i*) ￿_i?|￿u) b @?_ w ￿￿i? it|￿4@|￿?} ￿?_ih |￿i h￿t!￿?i￿|h@*
ThLM@M￿*￿|) 4i@t￿hic @t ￿i L?*) it|￿4@|i wW ￿ w n b￿H A￿￿t ￿t ?L| @ ThLM*i4 uLh LT|￿L?
￿@*￿@|￿L?c MiU@￿ti @** ￿i ?ii_ ￿t |￿i UL4M￿?@|￿L? w n bc M￿| ￿| ￿t @? ￿4TLh|@?| _￿gihi?Ui
UL4T@hi_ |L |￿i |iU￿?￿^￿i _itUh￿Mi_ @ML￿ic ￿￿ihi ￿i tiT@h@|i*) ￿_i?|￿u) b @?_ w ￿t￿?}
|￿i T￿)t￿U@* ThLM@M￿*￿|) 4i@t￿hi @?_ |￿i? ￿ti |￿i t￿4 Lu |￿i |￿L T@h@4i|iht uLh LT|￿L?
;Zh fkrrvh wr hvwlpdwh ￿￿ ￿ ￿ .￿= Li rqh rqo| hvwlpdwhv xqghu wkh ulvn qhxwudo phdvxuh rqh fdq htxlyd0
ohqwo| dvvxph wkdw ￿ @3 > zklfk wulyldoo| lghqwl￿hv ￿ +vhh Kvlhk dqg Ulwfknhq +5333,,1
b￿@*￿@|￿L?￿ A￿￿t hi4@h! @TT*￿it uLh @** Lu |￿i 4L_i*t ￿i ￿?￿it|￿}@|ic @t |￿i) @** ￿?￿L*￿i |￿i
t@4i u￿?U|￿L?@* uLh4 ￿? w￿b
‘i ￿@￿i _itUh￿Mi_ |￿L @TThL@U￿it |L it|￿4@|￿?} T@h@4i|iht uLh ￿ti ￿? LT|￿L? ￿@*￿@|￿L?
4L_i*t￿ A￿i ￿ht| @TThL@U￿ UL?t￿t|t Lu ￿t￿?} |￿i |￿4i tih￿it Lu @tti| hi|￿h?t |L it|￿4@|i
|￿i T@h@4i|iht ￿?_ih |￿i T￿)t￿U@* ThLM@M￿*￿|) 4i@t￿hi￿ 5￿Mti^￿i?|*) |￿iti T@h@4i|iht @hi
4@TTi_ ￿?|L |￿i h￿t!￿?i￿|h@* T@h@4i|ihtc @?_ T*￿}}i_ ￿?|L |￿i LT|￿L? ￿@*￿@|￿L? uLh4￿*@t￿
A￿i tiUL?_ @TThL@U￿ ￿t |L it|￿4@|i |￿i h￿t!￿?i￿|h@* T@h@4i|iht _￿hiU|*) uhL4 LT|￿L? Th￿Uit￿
Wu ￿i ￿ti ￿￿t| L?i UhLtt￿tiU|￿L? Lu LT|￿L? Th￿Uitc |￿￿t @TThL@U￿ ￿t hi*@|￿￿i*) t|h@￿}￿|uLh￿@h_￿
Wu ￿i ￿ti 4￿*|￿T*i UhLtt￿tiU|￿L?tc ￿i ￿@￿i |L ￿ti @ ￿L*@|￿*￿|) ￿T_@|￿?} h￿*i￿￿f
￿ Th￿Lh￿ ￿i ￿L￿*_ i TiU| |￿i tiUL?_ @TThL@U￿ |L ￿Lh! Mi||ihc uLh ti￿ih@* hi@tL?t￿ 6￿ht|c
LT|￿L? Th￿Uit UL?|@￿? uLh￿@h_ *LL!￿?} ￿?uLh4@|￿L? L￿ih @?_ Mi)L?_ ￿￿t|Lh￿U@* hi|￿h?tc @?_
|￿￿t ￿t￿?} LT|￿L? Th￿Uit |L ￿?_ T@h@4i|iht U@? ￿@￿i @? ￿4TLh|@?| @_￿@?|@}i t￿4T*) uhL4
|￿i TihtTiU|￿￿i Lu |￿i _@|@ ￿ti_￿ 5iUL?_c ￿￿i? ￿t￿?} 4@ ￿4￿4 *￿!i*￿￿LL_ |L it|￿4@|i
T@h@4i|iht ￿?_ih |￿i T￿)t￿U@* 4i@t￿hic ￿| ￿t U*i@h |￿@| |￿i *Ltt u￿?U|￿L? ￿t ^￿￿|i _￿gihi?|
uhL4 @? L￿| Lu t@4T*i *Ltt u￿?U|￿L? ￿￿￿U￿ UL￿*_ Mi tL4i|￿￿?} *￿!i |￿i 4i@?￿t^￿@hi_ _L**@h
ihhLht ￿? E￿D￿￿
￿ #@|@
‘i UL?_￿U| L￿h i4T￿h￿U@* @?@*)t￿t ￿t￿?} uL￿h )i@ht Lu _@|@ L? 5:￿ Dff U@** LT|￿L?t￿ 6￿ht|c
|￿i |￿hii￿)i@h Tih￿L_ Mi|￿ii? a￿?i ￿c ￿bHH @?_ ￿@) ￿￿c ￿bb￿c ￿￿￿U￿ ￿i _i?L|i 5@4T*i ￿c ￿t
￿ti_ i U*￿t￿￿i*) uLh ￿?￿t@4T*i it|￿4@|￿L?￿ A￿￿t t@4T*i U*Lti*) ULhhitTL?_t |L |￿i _@|@ ￿ti_
M) ￿@!t￿￿c ￿@L @?_ ￿￿i? E￿bb.￿￿￿￿ ‘i t￿Mti^￿i?|*) ￿ti @ uL￿h|￿ )i@h Lu _@|@ UL￿ih￿?} |￿i
Tih￿L_ uhL4 a￿?i ￿c ￿bb￿ |L ￿@) ￿￿c ￿bb2c ￿￿￿U￿ ￿i hiuih |L @t 5@4T*i ￿￿ ‘i @TT*) ti￿ih@*
￿*|iht |L 5@4T*i ￿ |￿@| @hi ￿_i?|￿U@* |L |￿i L?it ￿ti_ ￿? ￿@!t￿￿c ￿@L @?_ ￿￿i? E￿bb.￿c @?_
￿i hiuih |￿i hi@_ih |L |￿@| t|￿_) uLh |￿i _i|@￿*t￿
W? ML|￿ t@4T*itc ￿i L?*) ￿ti LT|￿L?t _@|@ uLh ‘i_?it_@)t￿￿2 Wu ‘i_?it_@) ￿t @ ￿L*￿_@)c
<Lw lv lpsruwdqw wr uhphpehu wkdw wklv lvvxh lv vlpso| d frqvhtxhqfh ri wkh zd| lq zklfk wkh sdudphwhu
￿ hqwhuv wkh lqqrydwlrq ixqfwlrq/ dqg wkhuhiruh d frqvhtxhqfh ri wkh dvvxpswlrqv rq wkh glvfrxqw idfwru +ru
wkh sulfh ri ulvn,1 Dovr/ lw pxvw eh hpskdvl}hg wkdw lq sulqflsoh rqh frxog lghqwli| ￿ dqg ￿ vhsdudwho|/ iru
lqvwdqfh e| vshfli|lqj d mrlqw olnholkrrg ixqfwlrq iru uhwxuqv dqg rswlrqv sulfhv1 E| xvlqj wkh xsgdwlqj uxoh
+4;,/ uhwxuqv gdwd duh rqo| lpsolflwo| wdnhq lqwr dffrxqw lq wkh remhfwlyh ixqfwlrq/ dqg wklv grhv qrw lghqwli|
￿1
43Zkhq zh xvh pxowlsoh furvv0vhfwlrqv ri rswlrqv gdwd/ zh wkhuhiruh xvh mrlqw lqirupdwlrq rq uhwxuqv dqg
rswlrqv sulfhv/ exw wkh lqirupdwlrq rq uhwxuqv rqo| hqwhuv wkh remhfwlyh ixqfwlrq lqgluhfwo|1 Wklv dssurdfk
lv dovr iroorzhg e| Khvwrq dqg Qdqgl +5333, dqg Kvlhk dqg Ulwfknhq +5333, lq d glvfuhwh0wlph hqylurqphqw1
Lq d frqwlqxrxv0wlph hqylurqphqw/ Hudnhu +5333, dqg Mrqhv +5333, xvh d olnholkrrg0edvhg dssurdfk wkdw
frpelqhv rswlrqv dqg uhwxuqv gdwd/ dqg Fkhuqry dqg Jk|vhov +5333, dqg Sdq +5333, xvh d JPP dssurdfk
wr frpelqh erwk w|shv ri gdwd1
44Wkh wkuhh |hduv ri gdwd zdv judflrxvo| surylghg wr xv e| Jxugls Ednvkl1
45Wklv fkrlfh lv wr vrph h{whqw prwlydwhg e| frqvwudlqwv1 Ehfdxvh zh fdqqrw frpsxwh rswlrq sulfhv
￿f￿i ￿ti |￿i ?i | |h@_￿?} _@)￿ Nt￿?} L?*) ‘i_?it_@) _@|@ @**L￿t ￿t |L t|￿_) @ u@￿h*) *L?} |￿4i￿
tih￿it ￿￿￿U￿ ￿t ￿tiu￿* UL?t￿_ih￿?} |￿i ￿￿}￿*) Tiht￿t|i?| ￿L*@|￿*￿|) ThLUittit￿ ￿? @__￿|￿L?@*
4L|￿￿@|￿L? uLh L?*) ￿t￿?} ‘i_?it_@) _@|@ ￿t |￿@| uL**L￿￿?} |￿i ￿Lh! Lu #￿4@tc 6*i4￿?}
@?_ ‘￿@*i) E￿bbH￿c ti￿ih@* t|￿_￿it ￿@￿i ￿ti_ |￿￿t ti|￿T Etii uLh ￿?t|@?Ui Oit|L? @?_ ￿@?_￿
E2fff￿￿￿ 6Lh L￿h i4T￿h￿U@* ￿Lh!c |￿￿t _@|@ ti*iU|￿L? Uh￿|ih￿L? *i@￿it ￿t ￿￿|￿ ￿DS UhLtt￿tiU|￿L?t
Lu LT|￿L?t _@|@ ￿? |￿i a￿?i ￿c ￿bHH |L ￿@) ￿￿c ￿bb￿ Tih￿L_ @?_ D2 UhLtt￿tiU|￿L?t Lu LT|￿L?t
_@|@ ￿? |￿i a￿?i ￿c ￿bb￿ |L ￿@) ￿￿c ￿bb2 Tih￿L_￿
A@M*i W Thiti?|t |￿i ?￿4Mih Lu UL?|h@U|t ￿ti_ ￿? |￿i i4T￿h￿U@* ￿Lh! uLh 5@4T*i ￿ @?_
￿ M) 4L?i)?itt @?_ 4@|￿h￿|)￿ W| U@? Mi tii? |￿@| |￿i hi*@|￿￿i ￿4TLh|@?Ui Lu |￿i _￿gihi?|
Ui**t ￿t u@￿h*) t￿4￿*@h @UhLtt Tih￿L_t￿ A@M*it WW @?_ WWW Thiti?| @￿ih@}i Th￿Uit @?_ ￿4T*￿i_
￿L*@|￿*￿|￿it uLh ML|￿ t@4T*i Tih￿L_t￿ B￿￿i? |￿i _￿gihi?Uit Mi|￿ii? LT|￿L? Th￿Uit ￿? _￿gihi?|
Ui**t ￿? A@M*i WWc ￿| ￿t U*i@h |￿@| _￿gihi?| LT|￿L?t ￿￿** hiUi￿￿i _￿gihi?| ￿i￿}￿|t ￿￿i? ￿t￿?} |￿i
4i@?￿t^￿@hi_ _L**@h LM￿iU|￿￿i u￿?U|￿L? E￿D￿￿ A@M*i WWW ￿?_￿U@|it |￿@| ￿? ML|￿ t@4T*i Tih￿L_t
￿i ￿?_ ￿4T*￿i_ ￿L*@|￿*￿|) T@||ih?t @UhLtt 4@|￿h￿|) @?_ 4L?i)?itt |￿@| @hi UL4T@h@M*i |L
|￿Lti uL￿?_ ￿? L|￿ih t|￿_￿it￿ W?￿|￿i￿4L?i) U@**t E@?_ |￿ihiuLhi @*tL L￿|￿Lu￿|￿i￿4L?i) T￿|t￿
@hi i Ti?t￿￿i hi*@|￿￿i |L |￿i ￿*@U!￿5U￿L*it 4L_i*￿
AL }￿￿i @? ￿_i@ Lu |￿i _￿gihi?Uit ￿? hi|￿h?t L￿ih |￿i t@4T*ic 6￿}￿hi WW T*L|t |￿i 5:￿ Dff
_@￿*) *L} hi|￿h?t @?_ _@￿*) @MtL*￿|i *L} hi|￿h?t uhL4 ￿+5￿ uLh |￿i LT|￿L? t@4T*i Tih￿L_￿
A￿i ￿ih|￿U@* *￿?i tiT@h@|it |￿i 5@4T*i ￿ @?_ ￿ Tih￿L_t￿ W| U@? Mi tii? |￿@| |￿i T@||ih?t
￿? hi|￿h?t @hi u@￿h*) t￿4￿*@h L￿ih |￿i |￿L Tih￿L_tc @?_ |￿@| |￿ihi @hi LUU@t￿L?@* L￿|*￿iht ￿?
hi|￿h?t￿ 6￿}￿hi WWW Thiti?|t @ t￿4￿*@h T*L| uLh |￿i @￿ih@}i ￿4T*￿i_ ￿L*@|￿*￿|￿it i |h@U|i_ uhL4
|￿i LT|￿L?t L? @ ￿ii!￿M)￿￿ii! M@t￿t￿ W| U@? Mi tii? |￿@| ￿￿t| @t ￿t |￿i U@ti ￿￿|￿ hi|￿h?tc
￿4T*￿i_ ￿L*@|￿*￿|) ￿@h￿it UL?t￿_ih@M*)￿ W?|ihit|￿?}*)c |￿i *i￿i* Lu ￿4T*￿i_ ￿L*@|￿*￿|) ￿? 5@4T*i
￿ ￿t *L￿ih |￿@? ￿? 5@4T*i ￿￿ ￿*tLc ￿| ￿t i￿￿_i?| uhL4 6￿}￿hi WWW |￿@| |￿ihi ￿t t￿Mt|@?|￿@*
U*￿t|ih￿?} ￿? ￿4T*￿i_ ￿L*@|￿*￿|￿it￿
e ,4T￿h￿U@* W4T*i4i?|@|￿L? @?_ +it￿*|t
W? |￿￿t tiU|￿L? ￿i _￿tU￿tt L￿h i4T￿h￿U@* hit￿*|t uLh 5@4T*i ￿ @?_ ￿￿ ‘i @*tL _￿tU￿tt tL4i Lu
|￿i _i|@￿*t hi*@|i_ |L ￿4T*i4i?|@|￿L? |￿@| ￿ihi ?L| _￿tU￿tti_ @ML￿i￿ 6￿ht|c ￿i Thiti?| |￿i
hit￿*|t uhL4 4@ ￿4￿4 *￿!i*￿￿LL_ it|￿4@|￿L? Lu |￿i T@h@4i|iht ￿?_ih |￿i T￿)t￿U@* ThLM@M￿*￿|)
4i@t￿hi￿ 5iUL?_c ￿i _￿tU￿tt |￿i TihuLh4@?Ui Lu |￿i LT|￿L? ￿@*￿@|￿L? 4L_i*t ￿t￿?} |￿Lti
T￿)t￿U@* T@h@4i|iht￿ A￿￿h_c ￿i _￿tU￿tt |￿i it|￿4@|￿L? Lu T@h@4i|iht ￿t￿?} LT|￿L?t uhL4
5@4T*i ￿ Ea￿?i ￿c ￿bHH |L ￿@) ￿￿c ￿bb￿￿ @?_ hi|￿h?t￿ ‘i @*tL _￿tU￿tt |￿i TihuLh4@?Ui
Lu |￿i _￿gihi?| LT|￿L? ￿@*￿@|￿L? 4L_i*t uLh |￿￿t ￿?￿t@4T*i i ihU￿ti￿ 6L￿h|￿c ￿i ￿ti |￿i
T@h@4i|iht it|￿4@|i_ ￿t￿?} 5@4T*i ￿ LT|￿L?t @?_ @tti| hi|￿h?t |L Th￿Ui LT|￿L?t ￿? 5@4T*i
￿ Ea￿?i ￿c ￿bb￿ |L ￿@) ￿￿c ￿bb2￿￿ 6￿u|￿c ￿i i￿@*￿@|i |￿i TihuLh4@?Ui Lu |￿i LT|￿L? ￿@*￿@|￿L?
dqdo|wlfdoo|/ wkh rswlpl}dwlrq sureohpv duh idluo| wlph0lqwhqvlyh/ dqg olplwlqj wkh qxpehu ri rswlrqv uhgxfhv
wkh frpsxwdwlrqdo exughq1
￿￿4L_i*t ￿? 5@4T*i ￿ ￿? @ _￿gihi?| ￿@)c M) hi￿it|￿4@|￿?} |￿i 4L_i*t i￿ih) ￿ii! @?_ ￿@*￿￿?}
|￿i LT|￿L?t L?i ￿ii! L￿|￿Lu￿t@4T*i￿
e￿￿ ￿@ ￿4￿4 w￿!i*￿￿LL_ ,t|￿4@|￿L? Lu ￿￿)t￿U@* ￿hLUittit Nt￿?}
+i|￿h?t
A@M*i WV t￿L￿t T@h@4i|ih it|￿4@|it LM|@￿?i_ M) 4@ ￿4￿3@|￿L? Lu |￿i *L}￿*￿!i*￿￿LL_ u￿?U|￿L?
ES￿￿ +LM￿t| t|@?_@h_ ihhLht @hi UL4T￿|i_ @UULh_￿?} |L ‘￿￿|i E￿bH2￿￿ 6Lh |￿i h￿t!*itt ￿?|ihit|
h@|ic ￿i ￿@￿i @tt￿4i_ @ UL?t|@?| DI )i@h*) h@|i *i@_￿?} |L @ _@￿*) h@|i Lu ￿fD%￿SD’f￿fff￿￿.￿
W| ￿t ￿i**￿!?L￿? |￿@| ￿| ￿t _￿￿U￿*| |L it|￿4@|i B￿+￿O T@h@4i|iht ThiU￿ti*) uhL4 hi|￿h?t
_@|@ ￿?*itt *L?} |￿4i￿tih￿it @hi ￿ti_￿ 6Lh UL4T@h@M*i 4L_i*tc Oi?|tU￿i* E￿bbD￿ @?_ #￿?}c
Bh@?}ih @?_ ,?}*i E￿bb￿￿ ￿ti 4Lhi |￿@? Df )i@ht Lu _@￿*) _@|@￿ Oihi ￿i Thiti?| hit￿*|t
LM|@￿?i_ ￿t￿?} @ |￿i*￿i )i@h Tih￿L_ Mi}￿??￿?} @| |￿i t|@h| Lu L￿h LT|￿L?t _@|@ ti| @?_ i?_￿?}
L? #iUi4Mih ￿￿c ￿bbb￿￿￿
A￿i hit￿*|t @hi UL4T@h@M*i ￿￿|￿ t|@?_@h_ ￿?_￿?}t ￿? |￿i *￿|ih@|￿hi L? B￿+￿O ThLUittit￿
6￿ht|c UL?t￿_ih |￿i 7￿6R,e @?_ ue￿eo@}e 4L_i*t￿ ￿@h@4i|ih it|￿4@|it uLh q￿ @?_ q2 @hi
￿ih) ThiU￿ti @?_ hL￿}￿*) Lu |￿i t@4i Lh_ih Lu 4@}?￿|￿_i @t ￿? |￿i i ￿t|￿?} *￿|ih@|￿hi￿ W? |￿i
ue￿eo@}e 4L_i* |￿i it|￿4@|i Lu |￿i T@h@4i|ih w ￿t TLt￿|￿￿ic ￿?_￿U@|￿?} ?i}@|￿￿i t!i￿?itt￿￿e
A￿i Tiht￿t|i?Ui Lu |￿i ThLUitt ￿4T*￿i_ M) |￿iti T@h@4i|ih it|￿4@|it ￿t f￿bH2￿c ￿?_￿U@|￿?}
@ ￿ih) Tiht￿t|i?| ThLUittc @}@￿? ￿? @UULh_@?Ui ￿￿|￿ |￿i *￿|ih@|￿hi￿ 6￿?@**)c |￿i t|@?_@h_
_i￿￿@|￿L? Lu hi|￿h?t ￿4T*￿i_ M) |￿i 4L_i* T@h@4i|iht ￿t f￿￿.HSc ￿￿￿U￿ ￿t hi@tL?@M*i￿
‘￿￿*i ￿4T*￿i_ Tiht￿t|i?Ui @?_ t|@?_@h_ _i￿￿@|￿L? uLh |￿i |￿hii 4Lhi h￿U￿*) T@h@4i|ih￿3i_
4L_i*t ￿e￿rc ￿J￿eo @?_ ￿J￿eo:￿e￿r @hi ￿ih) t￿4￿*@h |L |￿i ue￿eo@}e 4L_i*c L|￿ih
it|￿4@|￿L? hit￿*|t _￿gih Mi|￿ii? |￿i 4L_i*t￿ ‘￿￿*i ￿? |￿i ￿e￿r 4L_i* |￿i @__￿|￿L?@*
T@h@4i|ih V ￿t ?L| it|￿4@|i_ t￿}?￿￿U@?|*)c |￿i TL￿ih T@h@4i|ih ￿ ￿t it|￿4@|i_ t￿}?￿￿U@?|*)
t4@**ih |￿@? L?i ￿? |￿i ￿J￿eo @?_ ￿J￿eo:￿e￿r 4L_i*t￿ W?|ihit|￿?}*)c |￿i T@h@4i|ih V ￿t
it|￿4@|i_ t￿}?￿￿U@?|*) ￿? |￿i ￿J￿eo:￿e￿r 4L_i*c M￿| |￿i it|￿4@|i Lu |￿i w T@h@4i|ih ￿?
|￿￿t 4L_i* ￿t ￿ih) _￿gihi?| uhL4 |￿i L|￿ih 4L_i*t @?_ ?L *L?}ih t￿}?￿￿U@?|￿ A￿i UL4M￿?@|￿L?
Lu V @?_ ￿ ￿t @TT@hi?|*) @M*i |L U@T|￿hi T@h| Lu |￿i *i￿ih@}i igiU| Thi￿￿L￿t*) it|￿4@|i_ M) w￿
￿L|i @*tL |￿@| |￿i ￿J%￿￿J% 4L_i* ￿@t @ TL￿ih T@h@4i|ih ￿ ￿￿￿U￿ ￿t @ML￿| |￿L t|@?_@h_
_i￿￿@|￿L?t Mi*L￿ ￿￿
6￿?@**)c @?_ ThLM@M*) 4Lt| ￿4TLh|@?|*)c |￿i *￿!i*￿￿LL_ h@|￿L |it|t ￿?_￿U@|it |￿@| @?)
4L_i* ￿t Thiuihhi_ |L |￿i 7￿6R,e 4L_i*￿ ‘￿i? |it|￿?} @}@￿?t| |￿i ue￿eo@}e 4L_i*c |￿i
46Hvwlpdwlrq zlwk vkruwhu vdpsoh shulrgv |lhoghg urxjko| frpsdudeoh srlqw hvwlpdwhv exw orzhu w0vwdwlvwlfv1
Zh wkhuhiruh vwduw wkh vdpsoh dw wkh ehjlqqlqj ri wkh rswlrqv gdwd vdpsoh dqg lqfoxgh doo vxevhtxhqw uhwxuqv
dydlodeoh wkurxjk FUVS1
47Wklv hvwlpdwh dovr lqglfdwhv d qhjdwlyh uhodwlrqvkls ehwzhhq vkrfnv wr uhwxuqv dqg yrodwlolw|/ odehohg
wkh _ohyhudjh h￿hfw% e| Eodfn +4<:9,1 Wklv h￿hfw kdv ehhq grfxphqwhg e| d odujh qxpehu ri vwxglhv wkdw
hvwlpdwh vwrfn uhwxuqv1 Xvlqj rswlrq sulfhv wkh suhvhqfh ri wklv h￿hfw kdv ehhq frq￿uphg dprqj rwkhuv e|
Ehq}rql +4<<;,/ Fkhuqry dqg Jk|vhov +5333,/ Hudnhu +5333,/ Khvwrq dqg Qdqgl +5333, dqg Qdqgl +4<<;,1
￿2￿J￿eo @?_ ￿J￿eo:￿e￿r 4L_i*t @hi uL￿?_ |L Mi t￿}?￿￿U@?|*) Mi||ihc M￿| |￿i ￿e￿r @?_
￿J%￿ ￿J% 4L_i*t @hi ?L|￿￿D
e￿2 ￿T|￿L? V@*￿@|￿L? ￿￿|￿ ￿w ,t|￿4@|it Lu ￿￿)t￿U@* ￿hLUittit
A@M*i V Thiti?|t hit￿*|t LM|@￿?i_ M) ￿t￿?} |￿i T@h@4i|iht LM|@￿?i_ ￿? 5iU|￿L? e￿￿ |L Th￿Ui
LT|￿L?t ￿? 5@4T*i ￿ Ea￿?i ￿c ￿bHH |L ￿@) ￿￿c ￿bb￿￿ @t ￿i** @t ￿? 5@4T*i ￿ Ea￿?i ￿c ￿bb￿
|L ￿@) ￿￿c ￿bb2￿￿ AL @ttitt |￿i 4L_i*t< ￿|c ￿i Thiti?| |￿i 4i@? t^￿@hi_ _L**@h ihhLh *Ltt
@t ￿i** @t ￿|t t^￿@hi hLL|c ￿￿￿U￿ i Thittit |￿i ￿@*￿@|￿L? ihhLh ￿? _L**@h |ih4t
m-￿7. ’





￿￿c| ￿ ￿￿c|E￿|E￿ Bc￿ b￿
￿2
E2￿￿
￿￿ihi ￿￿c| ￿t |￿i 4@h!i| Th￿Ui Lu UL?|h@U| ￿ L? _@) |c ￿￿c|E￿|E￿ Bc￿ b￿￿ ￿t |￿i ULhhitTL?_￿?}
4L_i* Th￿Uic @?_ ￿A _i?L|it |￿i |L|@* ?￿4Mih Lu UL?|h@U|t @￿@￿*@M*i￿ A￿i i￿￿_i?Ui U@? Mi
t￿44@h￿3i_ ￿ih) Mh￿i￿)￿ 6￿ht|c ￿? UL4T@h￿tL? ￿￿|￿ |￿i @￿ih@}i LT|￿L? Th￿Uit hiTLh|i_ ￿?
A@M*i WWc |￿i m-￿7. ihhLht @hi ￿ih) *@h}i￿ 5iUL?_c |￿i 4Lhi UL4T*i 4L_i*t TihuLh4 i￿i?
￿Lhti |￿@? |￿i 7￿6R,e @?_ ue￿eo@}e 4L_i*c ￿￿￿U￿ @hi ?it|i_ ￿? |￿i 4Lhi UL4T*i 4L_i*t￿
,tTiU￿@**) ￿? *￿}￿| Lu ￿|t TLLh TihuLh4@?Ui ￿t￿?} |￿i ￿@ ￿4￿4 w￿!i*￿￿LL_ Uh￿|ih￿L? @ML￿ic
￿| ￿t ￿?_ii_ t￿LU!￿?} |￿@| |￿i 7￿6R,e 4L_i* TihuLh4t |￿i Mit| ￿? |ih4t Lu LT|￿L? ￿@*￿@|￿L?￿
A￿￿t L￿h ￿ht| UL?U*￿t￿L?t i4ih}iG ￿@h@4i|iht uhL4 ￿w, L? hi|￿h?t L?*) t￿L￿*_ ?L| Mi
￿ti_ uLh LT|￿L? ￿@*￿@|￿L?c @?_ u￿h|￿ih4Lhic ￿?uihi?Ui ThLUi_￿hit uhL4 ￿w, Uh￿|ih￿@ @hi ?L|
hi*￿@M*i |L h@?! |￿i 4L_i*t< TihuLh4@?Ui ￿? LT|￿L? ￿@*￿@|￿L?￿￿S
e￿￿ ￿w5 ,t|￿4@|￿L? Lu +￿t! ￿i￿|h@* ￿hLUittit Nt￿?} ￿T|￿L?t @?_
+i|￿h?t
W? |￿￿t tiU|￿L? ￿i Thiti?| it|￿4@|￿L? hit￿*|t LM|@￿?i_ ￿t￿?} ￿DS ‘i_?it_@)t Lu LT|￿L?t _@|@
uhL4 5@4T*i ￿￿ 6Lh @** 4L_i*tc |￿i LM￿iU|￿￿i u￿?U|￿L? ￿ti_ ￿t |￿i Et^￿@hi hLL|￿ _L**@h 4i@?
t^￿@hi_ ihhLh *Ltt u￿?U|￿L? E2￿￿￿ ￿L_i* LT|￿L? Th￿Uit @hi LM|@￿?i_ ￿t￿?} Eb￿c E￿f￿ @?_ E￿e￿c
48Lw pxvw eh qrwhg wkdw wkh Vlpsoh prgho lq wklv sdshu vhwv wkh sulfh ri ulvn ￿ htxdo wr }hur1 Doorzlqj iru
d qrq}hur ￿ lq wkh Vlpsoh prgho zloo lqgxfh d ohyhudjh h￿hfw xqghu wkh ulvn qhxwudo phdvxuh hyhq zkhq qrqh
h{lvwv xqghu wkh sk|vlfdo phdvxuh1 Wr dyrlg dq| w|sh ri ohyhudjh d￿hfw xqghu dq| phdvxuh iru wkh Vlpsoh
prgho/ zh lpsohphqw wkh prgho zlwk ￿ @ ￿ @ 31 Rxu hvwlpdwhv wkhuhiruh lpso| d v|pphwulf qhzv lpsdfw
ixqfwlrq xqghu erwk phdvxuhv1
49Wkhvh uhvxowv duh vrphzkdw gl￿huhqw iurp h{lvwlqj rqhv lq wkh olwhudwxuh1 Dplq dqg Qj +4<<6, shuirup
d vlplodu dqdo|vlv xvlqj gdwd rq vlqjoh vwrfn rswlrqv dqg uhsruw pxfk vpdoohu rswlrq ydoxdwlrq huuruv1 Kdugoh
dqg Kdiqhu +5333, hvwlpdwh prgho sdudphwhuv xqghu wkh remhfwlyh glvwulexwlrq exw xvh uhodwlyh ydoxdwlrq
huuruv1 Eroohuvohy dqg Plnnhovhq +4<<9, dqdo|}h ohdsv1 Wkhlu uhvxowv duh wkhuhiruh gl￿fxow wr frpsduh wr wkh
rqhv lq wklv sdshu1
￿￿@?_ ￿L*@|￿*￿|) ￿t ￿T_@|i_ ￿t￿?} E￿H￿￿ W? Lh_ih |L UL4T￿|i |￿i LT|￿L? Th￿Uit ?￿4ih￿U@**)c
￿i ￿ti ￿fff t￿4￿*@|i_ T@|￿tc￿. @?_ ￿i ￿ti |￿i i4T￿h￿U@* 4@h|￿?}@*i 4i|￿L_ Lu #￿@? @?_
5￿4L?@|L E￿bbb￿ |L ￿?Uhi@ti ?￿4ih￿U@* i￿U￿i?U)￿ ‘i @*tL ￿ti t|h@|￿￿i_ h@?_L4 ?￿4Mihtc
@?|￿|￿i|￿U ￿@h￿@|itc @?_ @ UL?|hL* ￿@h￿@|i |iU￿?￿^￿i ￿t￿?} |￿i ￿*@U!￿5U￿L*it Th￿Ui @t |￿i
UL?|hL*￿
A￿ihi @hi tL4i ￿4TLh|@?| ￿tt￿it hi}@h_￿?} |￿i ￿4T*i4i?|@|￿L? Lu |￿￿t i4T￿h￿U@* i ihU￿ti
|￿@| _itih￿i i*@MLh@|￿L?￿ 6￿ht|c |￿ihi @hi ti￿ih@* ￿@)t |L |hi@| |￿i ￿?￿|￿@* UL?_￿|￿L?@* ￿L*@|￿*￿
￿|)￿ 6Lh ￿?t|@?Uic ￿@!t￿￿c ￿@L @?_ ￿￿i? E￿bb.￿ |hi@| |￿i ￿?￿|￿@* UL?_￿|￿L?@* ￿L*@|￿*￿|) @t @?
i |h@ T@h@4i|ih ￿? |￿i ￿4T*i4i?|@|￿L? Lu @ UL?|￿?￿L￿t￿|￿4i LT|￿L? ￿@*￿@|￿L? 4L_i*￿ A￿￿t
@TThL@U￿ UL￿*_ @*tL Mi uL**L￿i_ uLh |￿i it|￿4@|￿L? Lu _￿tUhi|i￿|￿4i ThLUittitc M￿| ￿?t|i@_
￿i uL**L￿ Oit|L? @?_ ￿@?_￿ E2fff￿ @?_ ti| |￿i ￿?￿|￿@* ￿L*@|￿*￿|) i^￿@* |L |￿i ￿?UL?_￿|￿L?@*
￿L*@|￿*￿|) 2Df _@)t MiuLhi |￿i ￿ht| ‘i_?it_@) |￿@| ￿t ￿?U*￿_i_ ￿? |￿i t@4T*i￿ 5￿Mti^￿i?|*)c
￿i ￿ti |￿i ￿L*@|￿*￿|) ￿T_@|￿?} h￿*i E￿H￿ uLh |￿i ?i | 2Df _@)t |L LM|@￿? |￿i UL?_￿|￿L?@*
￿L*@|￿*￿|) uLh |￿i ￿ht| ‘i_?it_@) ￿ti_ ￿? |￿i t@4T*i￿
￿ tiUL?_ ￿tt￿i hi}@h_￿?} ￿4T*i4i?|@|￿L? ￿t |￿i t￿3ic ?@|￿hi @?_ *i?}|￿ Lu |￿i LT|￿L?
￿@*￿@|￿L? t@4T*i￿ ￿￿h 4L|￿￿@|￿L? ￿? ti*iU|￿?} |￿i t@4T*i ￿t itti?|￿@**) |L ￿ti |￿i *L?}it|
|￿4i tT@? TLtt￿M*ic ￿￿￿*i *￿4￿|￿?} |￿i ?￿4Mih Lu UL?|h@U|t |L *￿4￿| UL4T￿|@|￿L? |￿4i￿ A￿ihi
@hi ti￿ih@* }LL_ hi@tL?t uLh Thiuihh￿?} @ *L?} t@4T*i￿ 6￿ht|c @t i4T￿@t￿3i_ M) Oit|L? @?_
￿@?_￿ E2fff￿c ￿u |￿i LT|￿L? ￿@*￿@|￿L? 4L_i* ￿t @ hi*￿@M*i L?ic ￿| t￿L￿*_ Th￿Ui LT|￿L?t ￿i** L￿ih
@?) |￿4i ￿Lh￿3L?c MiU@￿ti ￿| ￿@t ￿4T*￿U@|￿L?t uLh |￿i hi|￿h?t ThLUitt @t ￿i** @t uLh LT|￿L?
Th￿Uit￿ 5iUL?_c uhL4 @ Th@U|￿U@* TihtTiU|￿￿ic @ *L?} t@4T*i Lu LT|￿L? Th￿Uit ￿t Thiuih@M*i uLh
|￿i t@4i hi@tL? @ *L?} t@4T*i Lu hi|￿h?t ￿t Thiuih@M*ic MiU@￿ti |￿i |￿4i ￿@h￿@|￿L? ￿? Th￿Uit
@?_ ￿L*@|￿*￿|) ￿￿** ￿i*T ￿_i?|￿u) |￿i 4L_i*<t T@h@4i|iht￿ ‘i i Tih￿4i?|i_ ￿￿|￿ ti￿ih@* |)Tit
Lu t@4T*it uLh LT|￿L? Th￿Uit￿ 6￿ht|c uL**L￿￿?} |￿i ￿Lh! Lu ￿@!t￿￿c ￿@L @?_ ￿￿i? E￿bb.￿
@?_ #￿@? E￿bbS￿c ￿i i Tih￿4i?|i_ ￿￿|￿ it|￿4@|￿?} |￿i T@h@4i|iht ￿t￿?} @ t￿?}*i UhLtt￿
tiU|￿L? Lu LT|￿L? Th￿Uit￿ A￿￿t ￿t @ UL?￿i?￿i?| @TThL@U￿ M￿| ￿?uLh|￿?@|i*) uLh |￿i 4L_i*t ￿i
￿?￿it|￿}@|i_ ￿| ￿t ?L| t@|￿tu@U|Lh)￿ A￿i LM￿iU|￿￿i u￿?U|￿L? ￿t ?L| t￿￿U￿i?|*) ￿i** Mi￿@￿i_
@?_ ?￿4ih￿U@* ThLM*i4t @hi tL tih￿L￿t |￿@| |￿i hit￿*|t MiUL4i ￿4TLtt￿M*i |L ￿?|ihThi|￿ ￿
tiUL?_ @TThL@U￿ ￿t |L ￿ti 4￿*|￿T*i UhLtt￿tiU|￿L?t Lu LT|￿L? Th￿Uit￿ ‘i i Tih￿4i?|i_ ￿￿|￿
t￿ ￿4L?|￿ t@4T*it Lu LT|￿L?tc uL**L￿￿?} |￿i i @4T*i Lu Oit|L? @?_ ￿@?_￿ E2fff￿￿ ‘￿￿*i |￿￿t
@TThL@U￿ ￿@t 4Lhi t@|￿tu@U|Lh)c ￿| t|￿** LUU@t￿L?@**) }@￿i h￿ti |L ?￿4ih￿U@* ThLM*i4t￿ ‘i
|￿ihiuLhi _iU￿_i_ |L ￿ti @ *L?}c |￿hii￿)i@h t@4T*i Lu LT|￿L?t _@|@ |L it|￿4@|i |￿i 4L_i*<t
T@h@4i|iht￿ , |i?t￿￿i ti?t￿|￿￿￿|) @?@*)t￿t _i4L?t|h@|i_ |￿@| |￿i hit￿*|t uLh |￿￿t @TThL@U￿
@hi hLM￿t|￿ ￿t 4i?|￿L?i_ @ML￿ic ￿i L?*) ￿?U*￿_i ‘i_?it_@)t ￿? |￿i t@4T*i uL**L￿￿?} |￿i
ti|￿T ￿? #￿4@tc 6*i4￿?} @?_ ‘￿@*i) E￿bbH￿ @?_ Oit|L? @?_ ￿@?_￿ E2fff￿￿ W| ￿L￿*_ Mi
ThL￿￿M￿|￿￿i*) i Ti?t￿￿i ￿? |ih4t Lu UL4T￿|ih |￿4i |L ￿ti @** |h@_￿?} _@)t ￿? |￿i |￿hii￿)i@h
t@4T*i￿ A￿i _it￿}? Lu L￿h i4T￿h￿U@* i Tih￿4i?| U@? |￿ihiuLhi Mi t￿44@h￿3i_ @t uL**L￿tG
4:Wr yhuli| wkdw 4333 gudzv duh dghtxdwh/ zh uhshdwhg rxu dqdo|vlv iru d olplwhg qxpehu ri fdvhv xvlqj
8333 gudzv dqg rewdlqhg lghqwlfdo uhvxowv1
￿e￿i Mi*￿i￿i |￿@| uLh it|￿4@|￿L? T￿hTLtitc ￿| ￿t Thiuih@M*i |L ￿ti ￿DS UL?tiU￿|￿￿i ‘i_?it_@)t
h@|￿ih |￿@? ￿DS UL?tiU￿|￿￿i |h@_￿?} _@)t￿
A@M*i VW Thiti?|t |￿i hit￿*|t uLh |￿i ?L?*￿?i@h *i@t| t^￿@hit it|￿4@|￿L? Lu |￿i h￿t!￿?i￿|h@*
T@h@4i|iht￿ ￿t ￿? A@M*i WVc |￿i h￿t!*itt h@|i Lu hi|￿h? ￿t ti| @| DI )i@h*) *i@_￿?} |L @ _@￿*)
h@|i Lu ￿fD%￿SD’f￿fff￿￿.￿ ￿ ?￿4Mih Lu hit￿*|t @hi ?L|i￿Lh|￿)￿ 6￿ht|c |￿i Tiht￿t|i?Ui
uLh @** 4L_i*t ￿t i |hi4i*) ￿￿}￿ @?_ hL￿}￿*) |￿i t@4i uLh |￿i uL￿h 4L_i*t￿ ￿iht￿t|i?Ui ￿t
￿￿}￿ih |￿@? |￿i Tiht￿t|i?Ui uLh |￿i T￿)t￿U@* ThLUitt ￿? A@M*i WVc i￿i? ￿￿i? |h@?tuLh4￿?} |￿i
T￿)t￿U@* T@h@4i|iht |L h￿t! ?i￿|h@*￿|)￿ A￿i ￿4T*￿i_ t|@?_@h_ _i￿￿@|￿L? Lu |￿i uL￿h 4L_i*t ￿t
hL￿}￿*) UL4T@h@M*i @?_ hi@tL?@M*i￿
AL ￿?_iht|@?_ |￿iti hit￿*|tc UL?t￿_ih |￿i t￿4T*i ue￿eo@}e 4L_i*￿ wi￿ih@}i ￿?_ih |￿i
T￿)t￿U@* 4i@t￿hi ￿t t￿4T*) wc M￿| ￿?_ih |￿i h￿t! ?i￿|h@* 4i@t￿hi ￿| ￿t wnb ￿￿￿U￿ ￿t }hi@|ih ￿u
|￿i Th￿Ui Lu h￿t! ￿t TLt￿|￿￿i￿ VL*@|￿*￿|) Tiht￿t|i?Ui ￿?_ih |￿i T￿)t￿U@* 4i@t￿hi ￿t q￿nq2E￿nw2￿
@?_ ￿?_ih |￿i h￿t!￿?i￿|h@* 4i@t￿hi ￿| ￿t q￿nq2E￿nEwnb￿2￿ ￿￿￿U￿ ￿t ￿￿}￿ih |￿@? |￿i T￿)t￿U@*
Tiht￿t|i?Ui uLh @ TLt￿|￿￿i w E￿4T*)￿?} ?i}@|￿￿i t!i￿?itt￿ @?_ @ TLt￿|￿￿i Th￿Ui Lu h￿t! b￿
‘￿i? UL4T@h￿?} |￿i it|￿4@|i_ T@h@4i|ih ￿@*￿it @UhLtt 4L_i*t ￿? A@M*i VWc ￿| ￿t Lu
￿?|ihit| |L hi4i4Mih |￿@| ￿? 4@?) U@tit ￿| ￿t UL4M￿?@|￿L?t Lu T@h@4i|iht |￿@| _i|ih4￿?i
|￿i 4L_i*<t 4Lt| ￿4TLh|@?| U￿@h@U|ih￿t|￿Utc @?_ ?L| ?iUitt@h￿*) |￿i ￿?_￿￿￿_￿@* T@h@4i|iht￿
6Lh ￿?t|@?Uic |￿i 4L_i*<t Tiht￿t|i?Ui ￿t @? ￿4TLh|@?| 4L_i* U￿@h@U|ih￿t|￿U @?_ Tiht￿t|i?Ui
￿t _i|ih4￿?i_ M) @ UL4M￿?@|￿L? Lu @** |￿i 4L_i*<t T@h@4i|iht￿ ￿i￿ih|￿i*ittc ￿| ￿t |i4T|￿?}
|L UL4T@hi ￿?_￿￿￿_￿@* T@h@4i|ih it|￿4@|it @UhLtt 4L_i*t￿ 6Lh ￿?t|@?Uic |￿i T@h@4i|ih qfc
￿￿￿U￿ _i|ih4￿?it |￿i 4L_i*<t ￿?UL?_￿|￿L?@* ￿L*@|￿*￿|)c ￿t it|￿4@|i_ ￿? @ u@￿h*) ?@hhL￿ h@?}i
@UhLtt |￿i uL￿h 4L_i*t￿ ￿?L|￿ih ￿4TLh|@?| T@h@4i|ih ￿t |￿i wW ￿ wnb UL4M￿?@|￿L?c ￿￿￿U￿
￿?_￿U@|it |￿i t￿3i Lu |￿i *i￿ih@}i igiU|￿ A￿￿t igiU| ￿t uLhUi_ |L 3ihL ￿? |￿i 7￿6R,e 4L_i*￿ W|
￿t tii? |￿@| wW ￿t it|￿4@|i_ @| 2￿bb￿b uLh |￿i ue￿eo@}e 4L_i*c @?_ tL4i￿￿@| *L￿ih uLh |￿i
4Lhi h￿U￿*) tTiU￿￿i_ 4L_i*t￿ ‘i |￿ihiuLhi UL?U*￿_i |￿@| tL4i Lu |￿i igiU|t U@T|￿hi_ M)
|￿i T@h@4i|iht V @?_ ￿ @hi U@T|￿hi_ M) |￿i *i￿ih@}i igiU| ￿u V @?_ ￿ @hi L4￿||i_￿ W| ￿t
@*tL ?L|i￿Lh|￿) |￿@| ￿￿i? V @?_ ￿ @hi ML|￿ it|￿4@|i_ ￿? |￿i ￿J￿eo:￿e￿r 4L_i*c |￿i￿h
it|￿4@|it @hi ?L| ￿ih) _￿gihi?| uhL4 |￿i L?it LM|@￿?i_ ￿? |￿i ￿e￿r @?_ ￿J￿eo 4L_i*t
hitTiU|￿￿i*)￿ 6￿?@**) ￿i tii |￿@| |￿i TL￿ih T@h@4i|ih ￿? |￿i ￿J% ￿ ￿J% 4L_i* ￿t 4￿U￿
￿￿}￿ih UL4T@hi_ |L |￿i it|￿4@|i ￿? A@M*i WVc M￿| t|￿** hL￿}￿*) |￿L t|@?_@h_ _i￿￿@|￿L?t
Mi*L￿ ￿￿
A￿i 4Lt| ￿4TLh|@?| UL?U*￿t￿L? uhL4 A@M*i VW ￿t LM|@￿?i_ M) UL4T@h￿?} |￿i it|￿4@|￿L?
hit￿*|t ￿￿|￿ |￿Lti Lu A@M*i WVc LM|@￿?i_ ￿?_ih |￿i T￿)t￿U@* ThLM@M￿*￿|) 4i@t￿hi￿ 6Lh i@U￿
4L_i*c |￿i hit￿*|￿?} |￿L ti|t Lu T@h@4i|ih it|￿4@|it @hi hi*@|i_ M) ￿￿h|￿i Lu |￿i ThiU￿ti uLh4
Lu |￿i h￿t! ?i￿|h@*￿3@|￿L? _￿tU￿tti_ ￿? 5iU|￿L? 2￿2￿ W| U@? Mi tii? |￿@| ￿4T*￿i_ T@h@4i|ih
it|￿4@|it @hi ^￿￿|i _￿gihi?|￿ A￿i 4Lt| ￿4TLh|@?| _￿gihi?Uit @hi |￿i uL**L￿￿?}￿ 6￿ht|c uLh
@** 4L_i*tc |￿i it|￿4@|it Lu qf @hi ?L| ￿￿t| _￿gihi?|c M￿| Lu @ _￿gihi?| Lh_ih Lu 4@}?￿|￿_i￿
5iUL?_c |￿i it|￿4@|i Lu wW ’ w n b ￿4T*￿i_ M) A@M*i WV ￿t TLt￿|￿￿i uLh @** 4L_i*t i UiT|
uLh |￿i ￿J￿eo:￿e￿r 4L_i*￿ OL￿i￿ihc ￿| ￿t @*￿@)t 4￿U￿ t4@**ih |￿@? |￿i ULhhitTL?_￿?}
it|￿4@|i ￿? A@M*i VWc ￿4T*)￿?} @ 4￿U￿ t4@**ih *i￿ih@}i igiU| i￿i? @u|ih @__￿?} b uLh ThLTih
￿DUL4T@h￿tL?￿ ￿ *￿!i*) U￿*Th￿| ￿t |￿@| b ￿t TLLh*) it|￿4@|i_ ￿?_ih |￿i T￿)t￿U@* 4i@t￿hi ￿￿ihi
￿| L?*) i?|iht |￿i UL?_￿|￿L?@* 4i@? i^￿@|￿L?￿ A￿￿h_c |￿i it|￿4@|it Lu V ￿? A@M*i WV ￿@￿i
@ _￿gihi?| t￿}? |￿@? |￿i L?it ￿? A@M*i VWc i￿i? |￿L￿}￿ |￿i T@h@4i|ih ￿t ?L| t￿}?￿￿U@?|*)
it|￿4@|i_ uLh |￿i ￿e￿r 4L_i*￿ ￿? |￿i L|￿ih ￿@?_c |￿i it|￿4@|it Lu ￿ ￿? A@M*i WV @hi ?L|
|LL _￿gihi?| uhL4 |￿Lti ￿? A@M*i VW￿ ￿i￿ih|￿i*ittc ￿| ￿t U*i@h |￿@| ￿u |￿i T@h@4i|ih it|￿4@|it
￿? A@M*i VW @hi u@￿h*) @UU￿h@|ic ￿| ￿t Tih￿@Tt ?L| t￿hTh￿t￿?} |￿@| |￿i T@h@4i|ih it|￿4@|it
uhL4 A@M*i WV Th￿Ui LT|￿L?t tL TLLh*)c @t _LU￿4i?|i_ ￿? A@M*i V @?_ 5iU|￿L? e￿2￿￿H
e￿e ￿T|￿L? V@*￿@|￿L? ￿￿|￿ ￿w5 ,t|￿4@|it Lu +￿t! ￿i￿|h@* ￿hL￿
Uittit
‘￿i? UL4T@h￿?} |￿i t￿ 4L_i*t ￿?￿t@4T*ic |￿i 4Lt| ￿4TLh|@?| Uh￿|ih￿L? ￿t |￿i ￿@*￿i Lu
|￿i 4￿?￿4￿3i_ LM￿iU|￿￿i u￿?U|￿L?￿ A￿iti ￿@*￿it @hi Thiti?|i_ ￿? |￿i *@t| hL￿ Lu A@M*i
VW @?_ hiTi@|i_ ￿￿|￿ 4Lhi _i|@￿* ￿? |￿i ￿ht| T@?i* Lu A@M*i VWW￿ 6￿ht|c ￿i ?L|i |￿@| @**
B￿+￿O 4L_i*t L￿|TihuLh4 |￿i ￿*@U!￿5U￿L*it 4L_i* @t ￿i** @t |￿i ￿h@U|￿|￿L?ih<t ￿*@U!￿
5U￿L*it E￿￿5￿ 4L_i* uhL4 #￿4@tc 6*i4￿?} @?_ ‘￿@*i) E￿bbH￿ ￿? 5@4T*i ￿￿￿b A@M*i VWW￿￿
Thiti?|t |￿L ￿iht￿L?t Lu |￿i ￿￿5 4L_i*c ￿￿ihi @** T@h@4i|iht @hi !iT| UL?t|@?| |￿hL￿}￿L￿|
|￿i ￿?￿t@4T*i Tih￿L_￿ A￿i ￿￿5 4L_i* ￿t it|￿4@|i_ ￿t￿?} i￿|￿ih ￿w5 L? ￿4T*￿i_ ￿L*@|￿*￿|) Lh
￿w5 4￿?￿4￿3￿?} m￿5,￿2f
W| ￿t U*i@h |￿@| |￿i i |h@ T@h@4i|iht ￿? |￿i ￿e￿rc ￿J￿eo@?_ ￿J%￿￿J% 4L_i*t _L ?L|
￿4ThL￿i |￿i ￿| Lu |￿i 4L_i*c @t |￿i m+￿5, ￿t L?*) t*￿}￿|*) *L￿ihi_ uhL4 ￿￿feeD |L ￿￿fe￿fc
￿￿feff @?_ ￿￿feef hitTiU|￿￿i*)￿ OL￿i￿ihc |￿i UL4M￿?@|￿L? Lu V @?_ ￿ ￿? |￿i ￿J￿eo:￿e￿r
4L_i* *L￿iht |￿i m+￿5, |L ￿￿f￿fS￿ W?|ihit|￿?}*)c |￿￿t T@||ih? ￿t t￿4￿*@h |L |￿i L?i LM|@￿?i_
￿? A@M*i WVc ￿￿i? it|￿4@|￿?} ￿?_ih |￿i T￿)t￿U@* ThLM@M￿*￿|) 4i@t￿hi￿ W? A@M*i WVc |￿i
U￿@?}i ￿? |￿i *L} *￿!i*￿￿LL_ uLh |￿i ￿e￿r @?_ ￿J% ￿ ￿J% 4L_i*t ￿t ￿ih) t4@**c @?_ |￿i
￿J￿eo:￿e￿r 4L_i* )￿i*_t @ M￿}}ih U￿@?}i ￿? |￿i *L} *￿!i*￿￿LL_￿
6￿}￿hi WV ThL￿￿_it 4Lhi ￿?t￿}￿| ￿?|L |￿i ￿@*￿@|￿L? _￿gihi?Uit Mi|￿ii? |￿i 4L_i*t M)
UL4T@h￿?} |￿i LT|￿L? Th￿Uit uhL4 i@U￿ 4L_i* ￿￿|￿ |￿i ￿*@U!￿5U￿L*it Th￿Ui uLh |￿i t@4i
4;Lw lv qrw fohdu zkhwkhu wklv odfn ri frqvlvwhqf| ehwzhhq wkh remhfwlyh dqg ulvn0qhxwudo sdudphwhuv lv d
frqvhtxhqfh ri d edgo| vshfl￿hg yrodwlolw| prgho ru d edgo| vshfl￿hg sulfh ri ulvn1 Fkhuqry dqg Jk|vhov
+5333, pdnh wkh vdph srlqw dqg irupdoo| whvw wkh pdsslqj iurp wkh remhfwlyh wr wkh ulvn0qhxwudo phdvxuh1
4<Wkh SEV prgho vlpso| dvvxphv d vhfrqg rughu sro|qrpldo lq vwulnh sulfh dqg pdwxulw| iru wkh lpsolhg
Eodfn0Vfkrohv yrodwlolw|1 Lw pxvw eh qrwhg wkdw wkh lpsohphqwdwlrq ri wkh SEV prgho uhsruwhg rq lq Wdeoh YL
lv gl￿huhqw iurp wkh rqh lq Gxpdv/ Iohplqj dqg Zkdoh| +4<<;,1 Wkh frh￿flhqwv lq wkh sro|qrpldo xvhg iru
Wdeoh YL duh frqvwdqw dfurvv wkh vdpsoh wr hqvxuh frpsdudelolw| ri wkh uhvxowv zlwk wkh lpsohphqwdwlrq ri
wkh JDUFK prghov lq wklv wdeoh1 Lq Gxpdv/ Iohplqj dqg Zkdoh| +4<<;,/ wkh frh￿flhqwv ri wkh sro|qrpldo
duh frqvwdqw iru d jlyhq gd| rqo|1 Zh suhvhqw dq hpslulfdo dqdo|vlv wkdw lv lghqwlfdo wr wkh rqh lq Gxpdv/
Iohplqj dqg Zkdoh| +4<<;, ehorz1
53Wkh SEV prgho lv wudglwlrqdoo| lpsohphqwhg xvlqj dq ROV vhwxs +vhh Gxpdv/ Iohplqj dqg Zkdoh|
+4<<;,,1 Fkulvwr￿huvhq dqg Mdfrev +5334, ghprqvwudwh wkdw wkh sulflqj huuruv fdq eh orzhuhg e| xvlqj d
QOV vhwxs1
￿SLT|￿L?￿ 6Lh i@U￿ 4L_i*c |￿i h￿t!￿?i￿|h@* T@h@4i|ih it|￿4@|it ￿? A@M*i VW @hi ￿ti_￿ A￿i U@**
Th￿Ui uhL4 i@U￿ 4L_i* ￿t T*L||i_ @}@￿?t| 4L?i)?itt uLh |￿hii 4@|￿h￿|￿it￿ 5￿4￿*@h ￿}￿hit @hi
t￿L￿? ￿? Oit|L? E￿bb￿￿ uLh ￿￿t t|LU￿@t|￿U ￿L*@|￿*￿|) 4L_i*￿ A￿i ￿?￿|￿@* UL?_￿|￿L?@* ￿L*@|￿*￿|) ￿?
i@U￿ B￿+￿O 4L_i* ￿t ti| |L ￿|t ￿?UL?_￿|￿L?@* ￿@*￿i @t ￿4T*￿i_ M) |￿i @tt￿4i_ T@h@4i|ihtc
@?_ |￿i ￿L*@|￿*￿|) ￿ti_ uLh ￿*@U!￿5U￿L*it ￿@*￿@|￿L? ￿t ti| |L |￿￿t UL?_￿|￿L?@* ￿L*@|￿*￿|)￿ W| 4￿t|
Mi ?L|i_ |￿@| |￿￿t ti|￿T i?t￿hit |￿@| |￿i ￿*@U!￿5U￿L*it Th￿Ui ￿@t |￿i Mit| TLtt￿M*i U￿@?Ui
Lu 4@|U￿￿?} |￿i B￿+￿O Th￿Uitc MiU@￿ti |￿i ￿?￿|￿@* ￿L*@|￿*￿|￿it @hi |￿i t@4i @UhLtt 4L_i*t￿
‘i tii |￿@| |￿i 7￿6R,e 4L_i* )￿i*_t ￿ih) t4@** _i￿￿@|￿L?t uhL4 |￿i ￿*@U!￿5U￿L*it 4L_i*
@UhLtt 4@|￿h￿|￿it￿ A￿i L|￿ih 4L_i*tc T@h|￿U￿*@h*) |￿i ￿J%￿￿J% 4L_i*c _￿tT*@) t)t|i4@|￿U
_￿gihi?Uit uhL4 ￿*@U!￿5U￿L*itc i?@M*￿?} |￿i 4L_i*t |L ￿| LMtih￿i_ T@||ih?t ￿? |￿i _@|@ t￿U￿
@t ￿4T*￿i_ ￿L*@|￿*￿|) t4￿h!t￿ A￿i _￿gihi?Uit Mi|￿ii? |￿i B￿+￿O 4L_i*t @?_ ￿*@U!￿5U￿L*it
@hi t4@**ih uLh t￿Lh| 4@|￿h￿|￿itc T@h|*) @t @ hit￿*| Lu |￿i *L￿ih ￿@*￿it Lu |￿iti LT|￿L?t￿
A@M*i VWWW￿￿ u￿h|￿ih i*@MLh@|it L? |￿iti ￿?_￿?}t M) Thiti?|￿?} m+￿5,t M) 4L?i)?itt
@?_ 4@|￿h￿|) uLh |￿i uL￿h 4L_i*t EuLh 5@4T*i ￿￿￿ ￿ ￿ht| ￿?|ihit|￿?} ￿?_￿?} uhL4 |￿iti |@M*it
￿t |￿@| ￿? Uih|@￿? Ui**t |￿ihi @hi ?L|@M*i _￿gihi?Uit Mi|￿ii? |￿i ue￿eo@}ec ￿e￿r@?_ ￿J￿eo
4L_i*t￿ A￿i _￿gihi?Uit Mi|￿ii? |￿iti |￿hii 4L_i*t @hi Tih￿@Tt t￿hTh￿t￿?}c MiU@￿ti L? |￿i
M@t￿t Lu |￿i L￿ih@** ￿| ￿? A@M*i VWWc L?i 4￿}￿| ￿@￿i UL?U*￿_i_ |￿@| |￿i |￿hii 4L_i*t )￿i*_
?i@h*) ￿_i?|￿U@* LT|￿L? Th￿Uit￿ A@M*i VWWW￿￿ ￿?_￿U@|it |￿@| |￿￿t ￿t ?L| |￿i U@ti￿
W| U@? @*tL Mi tii? uhL4 A@M*i VWWW￿￿ |￿@| i￿i? |￿L￿}￿ |￿i L￿ih@** ￿| Lu |￿i ￿J￿eo:￿e￿r
4L_i* ￿t Mi||ih |￿@? |￿@| Lu |￿i L|￿ih |￿hii 4L_i*tc |￿￿t _Lit ?L| 4i@? |￿@| |￿￿t 4L_i* _Lit
@ Mi||ih ￿LM Lu ￿@*￿￿?} @** LT|￿L?t￿ W| ￿t ?L| @ t￿hTh￿ti |￿@| |￿i 4Lt| ￿4TLh|@?| ￿4ThL￿i4i?|t
L￿ih |￿i L|￿ih |￿hii 4L_i*t @hi 4@_i uLh t￿Lh| @?_ 4i_￿￿4 4@|￿h￿|) LT|￿L?t￿ A￿i hi@tL?
uLh |￿￿t ￿t |￿@| _￿gihi?Uit Mi|￿ii? B￿+￿O 4L_i*t @hi 4Lhi *￿!i*) |L Mi t￿}?￿￿U@?| uLh t￿Lh|
@?_ 4i_￿￿4￿￿Lh￿3L? uLhiU@t|tc ￿￿￿*i |￿i) i￿i? L￿| L￿ih *L?} ￿Lh￿3L?t ￿￿ihi |￿i UL?_￿|￿L?@*
￿L*@|￿*￿|) @TThL@U￿it |￿i ￿?UL?_￿|￿L?@*￿ 6￿h|￿ih4Lhic uLh |￿i t￿Lh| @?_ 4i_￿￿4 4@|￿h￿|￿it
￿4ThL￿i4i?|t @hi 4@_i Th￿4@h￿*) uLh LT|￿L?t |￿@| @hi ￿? |￿i 4L?i)￿ A￿i hi@tL? uLh |￿￿t
￿t |￿@| ￿?￿|￿i￿4L?i) LT|￿L?t @hi 4Lhi i Ti?t￿￿i @?_ |￿ihiuLhi U@hh) 4Lhi ￿i￿}￿| ￿? |￿i
LM￿iU|￿￿i u￿?U|￿L?￿
￿** Lu |￿i i￿￿_i?Ui _￿tU￿tti_ @ML￿i Tih|@￿?t |L ￿?￿t@4T*i i￿@*￿@|￿L? Lu |￿i LT|￿L? ￿@*￿
￿@|￿L? 4L_i*t￿ OL￿i￿ihc uhL4 @ Th@U|￿|￿L?ih<t TihtTiU|￿￿i L￿|￿Lu￿t@4T*i ￿@*￿@|￿L? TihuLh￿
4@?Ui ￿t 4￿U￿ 4Lhi ￿4TLh|@?|￿ A￿i tiUL?_ T@?i* Lu A@M*i VWW￿￿ ￿?￿it|￿}@|it L￿|￿Lu￿t@4T*i
￿@*￿@|￿L? TihuLh4@?Ui M) ￿t￿?} |￿i 4L_i* T@h@4i|iht it|￿4@|i_ ￿? A@M*i VW E￿t￿?} 5@4T*i
￿￿ |L i￿@*￿@|i |￿i 4L_i*t< TihuLh4@?Ui ￿? 5@4T*i ￿￿ A￿i 4Lt| ￿4TLh|@?| UL?U*￿t￿L? ￿t
|￿@| |￿i h@?!￿?} Lu |￿i 4L_i*t ￿t hi￿ihti_ UL4T@hi_ |L |￿i ￿?￿t@4T*i i ihU￿ti￿ ‘￿￿*i |￿i
4Lt| h￿U￿*) T@h@4i|ih￿3i_ 4L_i* E￿J￿eo:￿e￿r￿ ￿@t |￿i Mit| ￿?￿t@4T*i TihuLh4@?Uic ￿| ￿@t
|￿i ￿Lht| L￿|￿Lu￿t@4T*i TihuLh4@?Ui i UiT| uLh |￿i 7￿6R,e 4L_i*￿ ￿L?￿ihti*)c |￿i 4Lt|
T@ht￿4L?￿L￿t 4L_i* Eue￿eo@}e￿ ￿@t |￿i ￿Lht| ￿?￿t@4T*i TihuLh4@?Uic M￿| TihuLh4t Mi||ih
|￿@? |￿i L|￿ih 4L_i*t L￿|￿Lu￿t@4T*i￿ A@M*i VWWW￿￿ Mhi@!t _L￿? 4L_i* TihuLh4@?Ui @UhLtt
4L?i)?itt @?_ 4@|￿h￿|)￿ ￿) t￿4T*) UL4T@h￿?} |￿i |￿L 4L_i*t ￿￿|￿ |￿i Mit| @?_ ￿Lht|
L￿ih@** L￿|￿Lu￿t@4T*i ￿|c ￿| MiUL4it U*i@h |￿@| UL4T@h￿?} |￿i 4L_i*t< ￿@*￿@|￿L? TihuLh4@?Ui
￿.￿t *itt |￿@? t|h@￿}￿|uLh￿@h_￿ ‘￿￿*i |￿i L￿ih@** ￿| Lu |￿i ￿J￿eo:￿e￿r 4L_i* ￿t t￿}?￿￿U@?|*)
￿Lhti |￿@? |￿@| Lu |￿i ue￿eo@}e 4L_i* Em￿￿￿D.￿ ￿iht￿t mf￿b... ￿? m+￿5, |ih4t￿c ￿| t|￿**
L￿|TihuLh4t |￿i ue￿eo@}e 4L_i* uLh tL4i _iiT ￿?￿|￿i￿4L?i) LT|￿L?t￿ OL￿i￿ihc uLh *L?}￿
4@|￿h￿|) ￿?￿|￿i￿4L?i) LT|￿L?tc |￿i TihuLh4@?Ui Lu |￿i ￿J￿eo:￿e￿r 4L_i* ￿t hi*@|￿￿i*)
TLLh￿
A@M*i VWW￿￿ UL4T@hit |￿i @UU￿h@U) Lu |￿i 4L_i*t ￿t￿?} |￿i #￿iML*_ @?_ ￿@h￿@?L E￿bbD￿
|it| L? |￿i ￿ii!*) m+￿5,t uhL4 5@4T*i ￿c !iiT￿?} |￿i T@h@4i|iht ￿ i_ @| |￿i￿h 5@4T*i
￿ ￿@*￿it￿ ‘i |it| i@U￿ 4L_i* @}@￿?t| |￿i ue￿eo@}e 4L_i*￿ ￿L| t￿hTh￿t￿?}*)c |￿i 7￿6R,e
4L_i* ￿t hi￿iU|i_ @t @hi |￿i ￿*@U!￿5U￿L*it @?_ |￿i ￿￿5E￿w5￿ 4L_i*￿ ￿L?i Lu |￿i @*|ih?@|￿￿i
B￿+￿O 4L_i*t @hi t￿}?￿￿U@?|*) _￿gihi?| uhL4 |￿i ue￿eo@}e 4L_i*￿
A￿i uL**L￿￿?} MhL@_ UL?U*￿t￿L?t i4ih}i uhL4 |￿i hit￿*|t ￿? A@M*it VWW @?_ VWWWG 6￿ht|c
i￿i? ￿￿i? ￿t￿?} hi*@|￿￿i*) *@h}i t@4T*it EuLh i @4T*ic t@4T*i ￿ UL?|@￿?t 4Lhi |￿@? Hcfff
LT|￿L? UL?|h@U|t￿ @?_ uLh |￿i T@ht￿4L?￿L￿t 4L_i*t E￿￿. T@h@4i|iht￿ t|￿_￿i_ ￿ihic hit￿*|t uhL4
￿?￿t@4T*i it|￿4@|￿L? _L ?L| U@hh) L￿ih |L L￿|￿Lu￿t@4T*i i Tih￿4i?|t￿ 5iUL?_c ￿￿i? ￿t￿?}
LT|￿L?t |L it|￿4@|i |￿i T@h@4i|ihtc |￿i 7￿6R,e 4L_i* ￿￿|￿L￿| *i￿ih@}i igiU| @?_ Th￿Ui Lu
￿L*@|￿*￿|) h￿t! TihuLh4t TLLh*)￿ A￿￿t ￿t ￿? t|@h! UL?|h@t| |L |￿i hi|￿h?t￿M@ti_ @?@*)t￿t ￿? A@M*i
WV ￿￿ihi |￿i 7￿6R,e 4L_i* TihuLh4i_ |￿i Mit| uLh LT|￿L? ￿@*￿@|￿L?￿ A￿￿h_c @** B￿+￿O
4L_i*t Ei UiT| uLh |￿i 7￿6R,e 4L_i*￿ L￿|TihuLh4 |￿i ￿*@U!￿5U￿L*it 4L_i* @t ￿i** @t |￿i
￿h@U|￿|￿L?ih ￿*@U!￿5U￿L*it 4L_i* uhL4 #￿4@tc 6*i4￿?} @?_ ‘￿@*i) E￿bbH￿ ￿￿|￿ UL?t|@?|
T@h@4i|iht |￿hL￿}￿L￿| |￿i Tih￿L_￿
e￿D ￿T|￿L? ￿@*￿@|￿L? ￿￿|￿ ‘ii!*) NT_@|￿?}
A￿i UL?U*￿t￿L? uhL4 |￿i L￿|￿Lu￿t@4T*i i ihU￿ti ￿t |￿@| L?i t￿L￿*_ ￿ti |￿i T@ht￿4L?￿L￿t
ue￿eo@}e 4L_i* h@|￿ih |￿@? |￿i 4Lhi h￿U￿*) T@h@4i|ih￿3i_ 4L_i*t￿ OL￿i￿ihc ￿| 4@) Mi @h￿
}￿i_ |￿@| |￿i L￿|￿Lu￿t@4T*i i ihU￿ti ￿i UL?_￿U| ￿t ￿ih) _￿gihi?| uhL4 |￿i ￿@) |￿iti 4L_i*t
@hi |)T￿U@**) ￿ti_ M) Th@U|￿|￿L?iht￿ ￿ |)T￿U@* Uh￿|￿^￿i L? L￿h @?@*)t￿t Lu |￿i 4L_i*<t Tih￿
uLh4@?Ui ￿L￿*_ Mi |￿@| ￿| ￿t ￿?hi@*￿t|￿U |L @tt￿4i |￿@| |￿i 4L_i*<t T@h@4i|iht @hi UL?t|@?|
L￿ih @ uL￿h￿)i@h Tih￿L_ E|￿i |￿hii )i@ht Lu |￿i ￿?￿t@4T*i i ihU￿ti @?_ |￿i L?i )i@h Lu |￿i
L￿|￿Lu￿t@4T*i i ihU￿ti￿￿2￿ ‘i ?L￿ ￿?￿it|￿}@|i |￿i hLM￿t|?itt Lu L￿h UL?U*￿t￿L?t ￿? @ t￿|￿@￿
|￿L? ￿￿ihi ￿i @**L￿ |￿i 4L_i* T@h@4i|iht |L U￿@?}i L￿ih |￿4i￿ ‘i ￿Lh! i U*￿t￿￿i*) ￿￿|￿
|￿i _@|@ ￿? 5@4T*i ￿ Ea￿?i ￿c ￿bb￿ |L ￿@) ￿￿c ￿bb2￿ @?_ UL?_￿U| |￿i uL**L￿￿?} i ihU￿tiG uLh
i@U￿ 4L_i* ￿i it|￿4@|i _￿gihi?| T@h@4i|ih ￿@*￿it i￿ih) ‘i_?it_@) @?_ ￿ti |￿iti T@h@4i|ih
￿@*￿it |L Th￿Ui |￿i LT|￿L?t |￿i ?i | ‘i_?it_@)￿ W? @__￿|￿L? |L ￿t￿?} L?i UhLtt￿tiU|￿L? Lu
LT|￿L? Th￿Uitc ￿i @*tL ￿ti |￿i ￿L*@|￿*￿|) ￿T_@|￿?} h￿*i E￿H￿ uLh |￿i 2Df _@)t Thi_@|￿?} |￿i
‘i_?it_@) ￿ti_ ￿? |￿i it|￿4@|￿L? i ihU￿ti￿ W| |￿h?t L￿| |￿@| M) E￿?_￿hiU|*)￿ ￿?ULhTLh@|￿?}
54Rxu hvwlpdwlrq dqg whvwlqj phwkrgrorj| lv vlplodu wr wkdw ri Khvwrq dqg Qdqgl +5333,/ zkr hvwlpdwh
sdudphwhuv ryhu d vl{0prqwk shulrg dqg vxevhtxhqwo| hydoxdwh wkh prgho rxw0ri0vdpsoh ryhu wkh qh{w vl{
prqwkv1 Reylrxvo| rxu hvwlpdwlrq shulrg lv orqjhu/ dv h{sodlqhg deryh/ ehfdxvh zh glg qrw dozd|v rewdlq
vdwlvidfwru| uhvxowv xvlqj wkh vl{ prqwk shulrgv1
￿H|￿￿t i |h@ ￿?uLh4@|￿L? L? hi|￿h?t ￿? |￿i LM￿iU|￿￿i u￿?U|￿L?c |￿i LT|￿4￿3@|￿L? ThLM*i4 ￿t 4￿U￿
Mi||ih Mi￿@￿i_￿
A@M*i Wj UL?|@￿?t |￿i hit￿*|t Lu |￿i ￿ii!*) it|￿4@|￿L? @?@*)t￿t￿ A￿i 4Lt| ￿4TLh|@?|
T@h| Lu |￿i A@M*i @hi T@?i*t ￿ @?_ ￿c ￿￿￿U￿ hiTLh| |￿i hit￿*|t Lu |￿i L?i￿￿ii! @￿i@_ i ihU￿ti￿
6Lh i@U￿ Lu |￿i D2 ‘i_?it_@)tc ￿i i￿@*￿@|i |￿i ￿| Lu i@U￿ UhLtt tiU|￿L? ￿t￿?} T@h@4i|iht
it|￿4@|i_ uhL4 |￿i Thi￿￿L￿t ‘i_?it_@) @?_ hi|￿h?t _@|@ uLh |￿i 2Df _@)t ThiUi_￿?} ￿|￿22
￿ ￿ht| ￿4TLh|@?| UL?U*￿t￿L? ￿t |￿@| |￿i m+￿5,t ￿? A@M*i Wj @hi 4￿U￿ *L￿ih |￿@? |￿i ULh￿
hitTL?_￿?} ?￿4Miht ￿? A@M*i VWW￿ 6Lh i @4T*ic |￿i 5@4T*i ￿ @￿ih@}i _L**@h ihhLh uLh |￿i
ue￿eo@}e 4L_i* ￿t f￿.fH￿ ￿￿|￿ ￿ii!*) ￿T_@|￿?}c UL4T@hi_ |L f￿b... ￿￿i? T@h@4i|ih it|￿￿
4@|it @hi ?L| ￿T_@|i_￿ ‘￿i? |it|￿?} |￿i @￿ih@}i ￿ii!*) m+￿5,t ￿? T@?i* ￿ Lu A@M*i Wjc |￿i
UL?U*￿t￿L?t uhL4 |￿i L￿|￿Lu￿t@4T*i @?@*)t￿t ￿? A@M*i VWW @hi hi￿?uLhUi_￿ A￿i T@ht￿4L?￿L￿t
ue￿eo@}e 4L_i* ￿t ?L| L￿|TihuLh4i_ M) @?) Lu |￿i @*|ih?@|￿￿i 4L_i*t @?_ ￿| L￿|TihuLh4t
ti￿ih@* L|￿ih B￿+￿O 4L_i*t @t ￿i** @t ￿*@U!￿5U￿L*it @?_ |￿i ￿￿5E￿w5￿ 4L_i*c ￿￿￿U￿ ￿t
?L￿ ￿T_@|i_ i￿ih) ￿ii!￿ +i4@h!@M*)c |￿i ue￿eo@}e 4L_i* ￿t ?L| t￿}?￿￿U@?|*) L￿|TihuLh4i_
M) |￿i ￿￿5E￿w5￿ 4L_i*c ￿￿￿U￿ ￿t it|￿4@|i_ 4￿?￿4￿3￿?} m￿5,￿
6Lh UL4T*i|i?ittc |￿i T@?i* ￿ Lu A@M*i Wj Thiti?|t |￿i ￿?￿t@4T*i ￿|t ￿t￿?} T@h@4i|iht
|￿@| @hi ￿T_@|i_ ￿ii!*)￿ W? @__￿|￿L?c 6￿}￿hi V Thiti?|t |￿i m+￿5,t uLh i@U￿ Lu |￿i D2
‘i_?it_@)t ￿? 5@4T*i ￿c ML|￿ uLh |￿i ￿?￿t@4T*i @?_ L￿|￿Lu￿t@4T*i @?@*)t￿t￿ W| U@? Mi tii?
|￿@| L￿|￿Lu￿t@4T*ic |￿i hi*@|￿￿i TihuLh4@?Ui Lu |￿i uL￿h 4L_i*t U@? _￿gih t￿Mt|@?|￿@**) uhL4
￿ii! |L ￿ii!￿
W? t￿44@h)c |￿i i4T￿h￿U@* L￿|￿Lu￿t@4T*i hit￿*|t ￿￿|￿ ￿ii!*) ￿T_@|￿?} UL?￿h4 |￿i i@h*￿ih
L￿|￿Lu￿t@4T*i hit￿*|t￿ ‘￿i? UL?t￿_ih￿?} @ u@4￿*) Lu B￿+￿O 4L_i*t |￿@| ￿?U*￿_it @ *@h}i
?￿4Mih Lu i ￿t|￿?} 4L_i*tc |￿ihi tii4t |L Mi ?L }LL_ hi@tL? |L *LL! Mi)L?_ @ 4L_i* |￿@|
@**L￿t uLh ￿L*@|￿*￿|) U*￿t|ih￿?} @?_ @ *i￿ih@}i igiU|￿ ‘￿￿*i ￿?￿t@4T*i @?@*)t￿t L? LT|￿L?t
_@|@ @?_ it|￿4@|￿L? L? hi|￿h?t _@|@ 4@) t￿}}it| 4Lhi h￿U￿*) T@h@4i|ih￿3i_ 4L_i*tc |￿i
L￿|￿Lu￿t@4T*i TihuLh4@?Ui Lu |￿Lti 4L_i*t ￿t h@|￿ih _￿t@TTL￿?|￿?}￿ ￿L?￿ihti*)c |￿i UL4T@h￿
￿tL?t Mi|￿ii? |￿i B￿+￿O LT|￿L? ￿@*￿@|￿L? 4L_i*t @?_ |￿i ￿￿5 4L_i*t U@? Mi ￿?|ihThi|i_
@t Mi￿?} h@|￿ih TLt￿|￿￿i uLh B￿+￿O 4L_i*t￿ ￿** B￿+￿O 4L_i*tc M@h |￿i 7￿6R,e L?ic L￿|￿
TihuLh4 |￿i ￿￿5E￿w5￿ 4L_i* ￿? @?_ L￿| Lu t@4T*i ￿? L￿h T@Tih￿ A￿i i^￿@**) t￿4T*i M￿|
|L￿}￿ih UL4Ti|￿|Lh ￿￿5E￿w5￿ ￿t L?*) 4@h}￿?@**) Mi||ih |￿@? |￿i Mit| B￿+￿O 4L_i*￿
D 5￿44@h) @?_ #￿hiU|￿L?t uLh 6￿|￿hi ‘Lh!
A￿￿t T@Tih UL4T@hit |￿i TihuLh4@?Ui Lu @ ?￿4Mih Lu B￿+￿O 4L_i*t ￿t￿?} tTiU￿￿U@|￿L?t
hi*@|i_ |L |￿Lti Lu #￿?}c Bh@?}ih @?_ ,?}*i E￿bb￿￿ @?_ Oi?|tU￿i* E￿bbD￿￿ W? |￿i i ￿t|￿?}
*￿|ih@|￿hic _￿gihi?| B￿+￿O @hi |)T￿U@**) ￿￿_}i_ M) UL4T@h￿?} |￿i *L}￿*￿!i*￿￿LL_ M@ti_ L?
@ |￿4i￿tih￿it Lu @tti| hi|￿h?t￿ W? |￿￿t T@Tihc ￿i ￿?￿it|￿}@|i |￿i TihuLh4@?Ui Lu |￿iti 4L_i*t
55Reylrxvo| gdlo| uhwxuqv gdwd ehwzhhq wkh wzr Zhgqhvgd|v duh dovr xvhg wr rewdlq wkh lqlwldo frqglwlrqdo
yrodwlolw|1
￿buLh |￿i T￿hTLti Lu ￿@*￿￿?} LT|￿L?t￿ ‘i ￿?_ |￿@| @ UL4T@h￿tL? Lu |￿i ￿?￿t@4T*i ￿| EM@ti_
L? _L**@h t^￿@hi_ ihhLht￿ u@￿Lht |￿i 4Lt| h￿U￿*) T@h@4i|ih￿3i_ 4L_i*c @t _Lit @ *￿!i*￿￿LL_￿
M@ti_ UL4T@h￿tL? |￿@| ￿tit |￿i |￿4i￿tih￿it Lu @tti| hi|￿h?t￿ OL￿i￿ihc ￿￿i? @ttitt￿?} |￿i
TihuLh4@?Ui Lu |￿i 4L_i*t L￿|￿Lu￿t@4T*i E@}@￿? ￿t￿?} _L**@h t^￿@hi_ ihhLht￿c |￿i _@|@ u@￿Lh
|￿i 4Lhi T@ht￿4L?￿L￿t 4L_i* |￿@| L?*) UL?|@￿?t @ *i￿ih@}i igiU|￿
A￿i TL|i?|￿@* UL?ti^￿i?Uit Lu |￿iti ￿?_￿?}t uLh |￿i B￿+￿O *￿|ih@|￿hi @hi u@h￿hi@U￿￿?}￿
A￿i @_￿@?|@}i Lu |￿i tTiU￿￿U@|￿L?t Lu #￿?}c Bh@?}ih @?_ ,?}*i E￿bb￿￿ @?_ Oi?|tU￿i* E￿bbD￿
￿t |￿@| |￿i) ?it| @ *@h}i ?￿4Mih Lu i ￿t|￿?} B￿+￿O 4L_i*t￿ ‘￿￿*i |￿iti tTiU￿￿U@|￿L?t _L ?L|
?it| @** i ￿t|￿?} 4L_i*tc @?_ ￿￿￿*i ￿| ￿t Lu UL￿hti TLtt￿M*i |￿@| ￿i U@? ￿?_ _￿gihi?| B￿+￿O
tTiU￿￿U@|￿L?t |￿@| TihuLh4 4Lhi t@|￿tu@U|Lh￿*) uLh |￿i T￿hTLti Lu LT|￿L? ￿@*￿@|￿L?c ￿| ￿t t@ui
|L UL?U*￿_i |￿@| |￿iti ￿?_￿?}t ^￿it|￿L? tL4i￿￿@| |￿i ￿@*￿i Lu |￿i i |i?t￿￿i *￿|ih@|￿hi |￿@|
uLh4￿*@|it UL4T*i @*|ih?@|￿￿it |L B￿+￿O 4L_i*t |￿@| UL?|@￿? ￿L*@|￿*￿|) U*￿t|ih￿?} @?_ @
*i￿ih@}i igiU|￿ A￿i hi@tL? |￿@| |￿￿t ￿?_￿?} ￿t ?L| @h|￿U￿*@|i_ ￿? |￿i i ￿t|￿?} *￿|ih@|￿hi ￿t
|￿@| i ￿t|￿?} UL4T@h￿tL?t @hi Lu|i? ￿?￿t@4T*ic @?_ 4Lt| Lu|i? M@ti_ L? |￿i 4L_i*<t *￿!i*￿￿LL_
￿@*￿ic ￿￿￿U￿ 4@) ?L| ￿@￿i @? LM￿￿L￿t hi*@|￿L?t￿￿T ￿￿|￿ 4Lhi hi*i￿@?| LM￿iU|￿￿i u￿?U|￿L?t
M@ti_ L? ￿i_}￿?} Lh tTiU￿*@|￿L?￿
￿￿h ￿?_￿?}t @*tL ￿@￿i UL?ti^￿i?Uit uLh L|￿ih *￿|ih@|￿hit￿ W? T@h|￿U￿*@hc MiU@￿ti UL?|￿?￿L￿t￿
|￿4i t|LU￿@t|￿U ￿L*@|￿*￿|) 4L_i*t U@? Mi |￿L￿}￿| Lu @t |￿i *￿4￿|t Lu B￿+￿O ThLUittitc L￿h
hit￿*|t t￿}}it| |￿@| *￿||*i 4@) Mi }@￿?i_ ￿? |￿@| *￿|ih@|￿hi uhL4 ￿L*@|￿*￿|) _)?@4￿Ut _￿gihi?|
uhL4 4L_i*t t￿U￿ @t Oit|L? E￿bb￿￿c ￿￿￿U￿ UL?|@￿?t @ *i￿ih@}i igiU| @?_ @**L￿t uLh ￿L*@|￿*￿|)
U*￿t|ih￿?}￿ W?t|i@_c 4Lhi 4@) Mi }@￿?i_ uhL4 U￿@?}￿?} |￿i tTiU￿￿U@|￿L? Lu L|￿ih M￿￿*_￿?}
M*LU!t Lu |￿i 4L_i*c t￿U￿ @t ￿￿4Tt￿
￿￿h hit￿*|t t￿}}it| |￿@| 4Lt| *￿!i*)c 4Lhi ￿t |L Mi }@￿?i_ M) 4Lhi h@_￿U@* _iT@h|￿hit
uhL4 |￿i 4L_i*￿?} @tt￿4T|￿L?t ￿ti_ ￿? @ |h@_￿|￿L?@* t￿4T*i B￿+￿O 4L_i*￿ 6Lh ￿?t|@?Uic
4L_i*￿?} _i￿￿@|￿L?t uhL4 ?Lh4@*￿|) ￿? |￿i ￿??L￿@|￿L?t ThLUitt 4@) ThL￿i ￿?t|h￿U|￿￿i￿ ￿*tLc
@** 4L_i*t ￿?￿it|￿}@|i_ ￿? |￿￿t T@Tih t￿@hi |￿i t@4i tTiU￿￿U@|￿L? uLh |￿i Th￿Ui Lu h￿t!￿ W| 4@)
Mi ￿Lh|￿￿￿￿*i |L 4L_i* |￿i Th￿Ui Lu h￿t! _￿gihi?|*)c itTiU￿@**) MiU@￿ti @ UL4T@h￿tL? Lu |￿i
T@h@4i|iht it|￿4@|i_ ￿?_ih |￿i T￿)t￿U@* @?_ h￿t!￿?i￿|h@* ThLM@M￿*￿|) _￿t|h￿M￿|￿L?t ￿?_￿U@|it
t￿U￿ t￿}?￿￿U@?| _￿gihi?Uit￿
2f+iuihi?Uit
d￿o ￿4￿?c k￿ @?_ V￿ ￿} E￿bb￿￿c R￿+￿O ￿hLUittit @?_ ￿T|￿L? V@*￿@|￿L?￿c ￿@?￿tUh￿T|c
N?￿￿iht￿|) Lu ￿￿U￿￿}@?￿
d2o ￿?_ihti?c A￿c ￿i?3L?￿c w￿ @?_ a￿ w￿?_ E￿bbb￿c R,t|￿4@|￿?} a￿4T￿#￿g￿t￿L?t uLh ,^￿￿|)
+i|￿h?tc￿ ￿@?￿tUh￿T|c ￿Lh|￿￿it|ih? N?￿￿iht￿|)￿
d￿o ￿@!t￿￿c ￿￿c ￿@Lc ￿￿ @?_ ~￿ ￿￿i? E￿bb.￿c R,4T￿h￿U@* ￿ihuLh4@?Ui Lu ￿*|ih?@|￿￿i ￿T|￿L?
￿h￿U￿?} ￿L_i*tc￿ aL￿h?@* Lu 6￿?@?Uic D2c 2ff￿￿2feb￿
deo ￿@|itc #￿ E￿bbS@￿c Ra￿4Tt @?_ 5|LU￿@t|￿U VL*@|￿*￿|)G , U￿@?}i +@|i ￿hLUittit W4T*￿U￿|
￿? #i￿|tU￿i ￿@h! ￿T|￿L?tc￿ +i￿￿i￿ Lu 6￿?@?U￿@* 5|￿_￿itc bc Sb￿￿f.￿
dDo ￿@|itc #￿ E￿bbSM￿c RAit|￿?} ￿T|￿L? ￿h￿U￿?} ￿L_i*tc￿ ￿? B￿5￿ ￿@__@*@ @?_ ￿￿+￿ +@Lc
i_t￿G O@?_MLL! Lu 5|@|￿t|￿Utc VL* ￿DG 5|@|￿t|￿U@* ￿i|￿L_t ￿? 6￿?@?Ui E￿Lh|￿￿OL**@?_c
￿4t|ih_@4￿c DS.￿S￿￿￿
dSo ￿@|itc #￿ E2fff￿c R￿Lt|￿<H. ￿h@t￿ 6i@ht ￿? 5:￿ Dff 6￿|￿hit ￿T|￿L?tc￿ aL￿h?@* Lu ,UL?L￿
4i|h￿Utc bec ￿H￿￿2￿H￿
d.o ￿i?3L?￿c w￿ E￿bbH￿c R￿h￿U￿?} ￿T|￿L?t N?_ih 5|LU￿@t|￿U VL*@|￿*￿|)G ￿? ,UL?L4i|h￿U ￿?@*￿
)t￿tc￿ ￿@?￿tUh￿T|c N?￿￿iht￿|) Lu ￿￿??itL|@￿
dHo ￿*@U!c 6￿ E￿b.S￿c R5|￿_￿it Lu 5|LU! ￿h￿Ui VL*@|￿*￿|) ￿￿@?}itc￿ ￿?G ￿hLUii_￿?}t Lu |￿i
￿b.S ￿ii|￿?}t Lu |￿i ￿￿t￿?itt @?_ ,UL?L4￿U 5|@|￿t|￿Ut 5iU|￿L?c ￿4ih￿U@? 5|@|￿t|￿U@*
￿ttLU￿@|￿L?c ￿..￿￿H￿￿
dbo ￿*@U!c 6￿ @?_ ￿￿ 5U￿L*it E￿b.￿￿c RA￿i ￿h￿U￿?} Lu ￿T|￿L?t @?_ ￿LhTLh@|i w￿@M￿*￿|￿itc￿
aL￿h?@* Lu ￿L*￿|￿U@* ,UL?L4)c H￿c S￿.￿SDb￿
d￿fo ￿L**iht*i￿c A￿ E￿bHS￿c RBi?ih@*￿3i_ ￿￿|Lhi}hitt￿￿i ￿L?_￿|￿L?@* Oi|ihLt!i_@t|￿U￿|)c￿
aL￿h?@* Lu ,UL?L4i|h￿Utc ￿￿c ￿f.￿￿2.￿
d￿￿o ￿L**iht*i￿c A￿c ￿￿L￿c +￿ @?_ k￿ khL?ih E￿bb2￿c R￿+￿O ￿L_i**￿?} ￿? 6￿?@?UiG ￿ +i￿￿i￿
Lu |￿i A￿iLh) @?_ ,4T￿h￿U@* ,￿￿_i?Uic￿ aL￿h?@* Lu ,UL?L4i|h￿Utc D2c D￿Db￿
d￿2o ￿L**iht*i￿c A￿c ,?}*ic +￿ @?_ #￿ ￿i*tL? E￿bbe￿c R￿+￿O ￿L_i*tc￿ ￿?G +￿ ,?}*i @?_ #￿
￿U6@__i? Ei_t￿￿c O@?_MLL! Lu ,UL?L4i|h￿Utc VL*￿ WVc ,*ti￿￿ihc ￿4t|ih_@4￿
d￿￿o ￿L**iht*i￿c A￿c ,?}*ic +￿ @?_ a￿ ‘LL*_h￿_}i E￿bHH￿c R￿ ￿@T￿|@* ￿tti| ￿h￿U￿?} ￿L_i*
￿￿|￿ A￿4i￿V@h)￿?} ￿L￿@h￿@?Uitc￿ aL￿h?@* Lu ￿L*￿|￿U@* ,UL?L4)c bSc ￿￿S￿￿￿￿￿
d￿eo ￿L**iht*i￿c A￿ @?_ O￿￿￿ ￿￿!!i*ti? E￿bbS￿c RwL?}￿Aih4 ,^￿￿|) ￿?|￿U￿￿@|￿L? 5iU￿h￿|￿it
@?_ 5|LU! ￿@h!i| VL*@|￿*￿|) #)?@4￿Utc￿ aL￿h?@* Lu ,UL?L4i|h￿Utc b2c .D￿bb￿
2￿d￿Do ￿hi??@?c ￿￿ E￿b.b￿c RA￿i ￿h￿U￿?} Lu ￿L?|￿?}i?| ￿*@￿4t ￿? #￿tUhi|i￿A￿4i ￿L_i*tc￿
aL￿h?@* Lu 6￿?@?Uic ￿ec D￿￿SH￿
d￿So ￿@4TMi**c a￿c @?_ w￿ Oi?|tU￿i* E￿bb2￿c ￿￿L ￿i￿t ￿t BLL_ ￿i￿tG ￿? ￿t)44i|h￿U ￿L_i*
Lu ￿￿@?}￿?} VL*@|￿*￿|) ￿? 5|LU! +i|￿h?tc￿ aL￿h?@* Lu 6￿?@?U￿@* ,UL?L4￿Utc ￿￿c 2H￿￿￿￿H￿
d￿.o ￿@4TMi**c a￿c wLc ￿￿ @?_ ￿￿ ￿@Uk￿?*@) E￿bb.￿c RA￿i ,UL?L4i|h￿Ut Lu 6￿?@?U￿@* ￿@h￿
!i|tc￿ ￿h￿?Ui|L? N?￿￿iht￿|) ￿hitt￿
d￿Ho ￿￿ih?L￿c ￿￿ @?_ ,￿ B￿)ti*tc E2fff￿ R￿ 5|￿_) AL￿@h_t @ N?￿￿i_ ￿TThL@U￿ |L |￿i
aL￿?| ,t|￿4@|￿L? Lu ￿M￿iU|￿￿i @?_ +￿t! ￿i￿|h@* ￿i@t￿hit uLh |￿i ￿￿hTLti Lu ￿T|￿L?
V@*￿@|￿L?c￿ aL￿h?@* Lu 6￿?@?U￿@* ,UL?L4￿Utc DSc ef.￿eDH￿
d￿bo ￿￿h￿t|Lgihti?c￿￿ @?_ k￿ a@ULMt E2ff￿￿c RA￿i W4TLh|@?Ui Lu |￿i wLtt 6￿?U|￿L? ￿? ￿T|￿L?
￿h￿U￿?}￿c ￿Lh!￿?} T@Tihc ￿UB￿** N?￿￿iht￿|) @?_ ￿W+￿￿￿￿
d2fo #@)c A￿ @?_ ￿￿ wi￿￿t E￿bb2￿c R5|LU! ￿@h!i| VL*@|￿*￿|) @?_ |￿i W?uLh4@|￿L? ￿L?|i?| Lu
5|LU! W?_i ￿T|￿L?tc aL￿h?@* Lu ,UL?L4i|h￿Utc D2c 2S.￿2H.￿
d2￿o #ih4@?c ,￿c @?_ W￿ k@?￿ E￿bbe￿c R+￿_￿?} L? |￿i 54￿*ic￿ +￿t!c .c ￿2￿￿b￿
d22o #￿iML*_c 6￿j￿ @?_ +￿ ￿@h￿@?L E￿bbD￿c R￿L4T@h￿?} ￿hi_￿U|￿￿i ￿UU￿h@U)c￿ aL￿h?@* Lu
￿￿t￿?itt @?_ ,UL?L4￿U 5|@|￿t|￿Utc ￿￿c 2D￿￿2S￿￿
d2￿o #￿?}c ~￿c ￿￿‘￿a￿ Bh@?}ihc @?_ +￿6￿ ,?}*i E￿bb￿￿c R￿ wL?} ￿i4Lh) ￿hLTih|) Lu 5|LU!
￿@h!i| +i|￿h?t @?_ @ ￿i￿ ￿L_i*c￿ aL￿h?@* Lu ,4T￿h￿U@* 6￿?@?Uic H￿￿￿fS￿
d2eo #￿@?c a￿￿￿￿ E￿bbD￿c RA￿i B￿+￿O ￿T|￿L? ￿h￿U￿?} ￿L_i*c￿ ￿@|￿i4@|￿U@* 6￿?@?Uic Dc
￿￿￿￿2￿
d2Do #￿@?c a￿￿￿￿ E￿bbS￿c R￿h@U!￿?} |￿i 54￿*i￿c +￿t!c bc DD￿Db￿
d2So #￿@?c a￿￿￿￿ E￿bb.￿c R￿￿}4i?|i_ B￿+￿OETc^￿ ￿hLUitt @?_ ￿|t #￿g￿t￿L? w￿4￿|c￿ aL￿h?@*
Lu ,UL?L4i|h￿Utc .bc b.￿￿2.￿
d2.o #￿@?c a￿￿￿￿ @?_ a￿￿B￿ 5￿4L?@|L E￿bbH￿c R,4T￿h￿U@* ￿@h|￿?}@*i 5￿4￿*@|￿L? uLh ￿tti|
￿h￿Uit￿c ￿@?@}i4i?| 5U￿i?Uic eec ￿2￿H￿￿2￿￿￿
d2Ho #￿￿ic #￿c ￿@?c a￿ @?_ k￿ 5￿?}*i|L? E2fff￿c RAh@?tuLh4 ￿?@*)t￿t @?_ ￿tti| ￿h￿U￿?} uLh
￿￿?i a￿4T￿#￿g￿t￿L?tc￿ ,UL?L4i|h￿U@c SHc ￿￿e￿￿￿￿.S￿
d2bo #￿4@tc ￿￿c 6*i4￿?}c 6￿ @?_ +￿ ‘￿@*i) E￿bbH￿c RW4T*￿i_ VL*@|￿*￿|) 6￿?U|￿L?tG ,4T￿h￿U@*
Ait|tc￿ aL￿h?@* Lu 6￿?@?Uic D￿c 2fDb￿2￿fS￿
d￿fo #￿T￿hic ￿￿ E￿bbe￿c R￿h￿U￿?} ￿￿|￿ @ 54￿*ic￿ +￿t!c .c ￿H￿2f￿
22d￿￿o ,?}*ic +￿ E￿bH2￿c R￿￿|Lhi}hitt￿￿i ￿L?_￿|￿L?@* Oi|ihLt!i_@t|￿U￿|) ￿￿|￿ ,t|￿4@|it Lu |￿i
V@h￿@?Ui Lu Nk W?￿@|￿L?c￿ ,UL?L4i|h￿U@c Dfc bH.￿￿ffH￿
d￿2o ,?}*ic +￿ @?_ ￿￿ ￿￿t|@u@ E￿bb2￿c RW4T*￿i_ ￿+￿O ￿L_i*t uhL4 ￿T|￿L?t ￿h￿Uitc￿ aL￿h?@*
Lu ,UL?L4i|h￿Utc D2c 2Hb￿￿￿￿￿
d￿￿o ,?}*ic +￿ @?_ V￿ ￿} E￿bb￿￿c R￿i@t￿h￿?} @?_ Ait|￿?} |￿i W4T@U| Lu ￿i￿t L? VL*@|￿*￿|)c￿
aL￿h?@* Lu 6￿?@?Uic eHc ￿.eb￿￿..H￿
d￿eo ,h@!ihc ￿￿ E2fff￿c R#L 5|LU! ￿h￿Uit @?_ VL*@|￿*￿|) a￿4Tq +iUL?U￿*￿?} ,￿￿_i?Ui uhL4
5TL| @?_ ￿T|￿L? ￿h￿Uitc￿ ‘Lh!￿?} ￿@Tihc N?￿￿iht￿|) Lu ￿￿￿U@}L￿
d￿Do 6hi?U￿c k￿c B￿ ‘￿ 5U￿￿ih|c @?_ +￿ 5|@4M@￿}￿ E￿bH.￿c R, TiU|i_ 5|LU! +i|￿h?t @?_
VL*@|￿*￿|)c￿ aL￿h?@* Lu 6￿?@?U￿@* ,UL?L4￿Utc ￿bc ￿￿￿f￿
d￿So B@hU￿@c +￿ @?_ ,￿ +i?@￿*| E￿bbH￿c R￿ ￿L|i L? Oi}￿?} ￿? ￿+￿O @?_ 5|LU￿@t|￿U VL*@|￿*￿|)
￿T|￿L? ￿h￿U￿?} ￿L_i*t￿c ￿@|￿i4@|￿U@* 6￿?@?Uic Hc ￿D￿￿￿S￿￿
d￿.o B*Lt|i?c w￿c +￿ a@}@??@|￿@?c @?_ #￿ +￿?!*i E￿bb￿￿c ￿￿? |￿i +i*@|￿L? Mi|￿ii? |￿i
, TiU|i_ V@*￿i @?_ |￿i VL*@|￿*￿|) uL |￿i ￿L4￿?@* , Uitt +i|￿h? L? 5|LU!tc￿ aL￿h?@*
Lu 6￿?@?Uic eHc ￿..b￿￿Hf￿￿
d￿Ho O@h_*ic ‘￿ @?_ ￿￿ O@u?ih E2fff￿c R#￿tUhi|i A￿4i ￿T|￿L? ￿h￿U￿?} ￿￿|￿ 6*i ￿M*i VL*@|￿*￿|)
,t|￿4@|￿L?￿c 6￿?@?Ui @?_ 5|LU￿@t|￿Utc ec ￿Hb￿2f.￿
d￿bo Oi?|tU￿i*c w￿ E￿bbD￿c R￿** ￿? |￿i 6@4￿*)G ￿it|￿?} 5)44i|h￿U @?_ ￿t)44i|h￿U B￿+￿O
￿L_i*tc￿ aL￿h?@* Lu 6￿?@?U￿@* ,UL?L4￿Utc ￿bc .￿￿￿fe￿
defo Oit|L?c 5￿ E￿bb￿￿c R￿ ￿*Lti_￿6Lh4 5L*￿|￿L? uLh ￿T|￿L?t ￿￿|￿ 5|LU￿@t|￿U VL*@|￿*￿|) ￿￿|￿
￿TT*￿U@|￿L?t |L ￿L?_ @?_ ￿￿hhi?U) ￿T|￿L?tc￿ +i￿￿i￿ Lu 6￿?@?U￿@* 5|￿_￿itc Sc ￿2.￿￿e￿￿
de￿o Oit|L?c 5￿ @?_ 5￿ ￿@?_￿ E2fff￿c R￿ ￿*Lti_￿6Lh4 B￿+￿O ￿T|￿L? ￿h￿U￿?} ￿L_i*c￿
+i￿￿i￿ Lu 6￿?@?U￿@* 5|￿_￿itc ￿￿c DHD￿S2S￿
de2o Ot￿i￿c k￿ @?_ ￿￿ +￿|U￿!i? E2fff￿c R￿? ,4T￿h￿U@* ￿L4T@h￿tL? Lu B￿+￿O ￿T|￿L? ￿h￿U￿?}
￿L_i*t￿c 4@?￿tUh￿T|c ￿@ti ‘it|ih? +itih￿i N?￿￿iht￿|)
de￿o O￿**c a￿ @?_ ￿￿ ‘￿￿|i E￿bH.￿c RA￿i ￿h￿U￿?} Lu ￿T|￿L?t ￿￿|￿ 5|LU￿@t|￿U VL*@|￿*￿|￿itc￿
aL￿h?@* Lu 6￿?@?Uic e2c 2H￿￿￿ff￿
deeo a￿@?}c B￿ E￿bbH￿c RAit|￿?} ￿T|￿L? ￿h￿U￿?} ￿L_i*t ￿￿|￿ 5|LU￿@t|￿U VL*@|￿*￿|)c +@?_L4
a￿4T @?_ 5|LU￿@t|￿U W?|ihit| +@|i￿￿Ti? |￿i R￿*@U! ￿L ￿c ‘Lh!￿?} ￿@Tihc N?￿￿iht￿|)
Lu BhL?￿?}i?￿
2￿deDo aL￿?tL?c O￿,￿c @?_ #￿ 5￿@??L E￿bH.￿ cR￿T|￿L? ￿h￿U￿?} ￿￿i? |￿i V@h￿@?Ui ￿t ￿￿@?}￿?}c￿
aL￿h?@* Lu 6￿?@?U￿@* @?_ "￿@?|￿|@|￿￿i ￿?@*)t￿tc 22c ￿e￿￿￿D￿￿
deSo aL?itc ￿￿ E2fff￿c RA￿i #)?@4￿Ut Lu 5|LU￿@t|￿U VL*@|￿*￿|)c￿ ￿@?￿tUh￿T|c N?￿￿iht￿|) Lu
+LU￿it|ih￿
de.o aL?itc ￿￿ E2ff￿￿c R￿ ￿L?*￿?i@h ￿?@*)t￿t Lu 5:￿ Dff W?_i ￿T|￿L? +i|￿h?tc￿
￿@?￿tUh￿T|c 5￿4L? 5U￿LL* Lu ￿￿t￿?ittc N?￿￿iht￿|) Lu +LU￿it|ih￿
deHo aLh￿L?c ￿￿ E￿bbD￿c R￿hi_￿U|￿?} VL*@|￿*￿|) ￿? |￿i 6Lhi￿}? , U￿@?}i ￿@h!i|c￿ aL￿h?@* Lu
6￿?@?Uic Dfc Df.￿D2H￿
debo w@4L￿hi￿ c ￿￿ @?_ ‘￿ w@t|h@Tit E￿bb￿￿c R6LhiU@t|￿?} 5|LU! +i|￿h? V@h￿@?UiG AL￿@h_t
@? N?_iht|@?_￿?} Lu 5|LU￿@t|￿U W4T*￿i_ VL*@|￿*￿|￿itc￿ +i￿￿i￿ Lu 6￿?@?U￿@* 5|￿_￿itc Dc
2b￿￿￿2S￿
dDfo ￿i*￿?Lc ￿￿ @?_ 5￿ A￿h?M￿** E￿bbf￿c R￿h￿U￿?} 6Lhi￿}? ￿￿hhi?U) ￿T|￿L?t ￿￿|￿ 5|LU￿@t|￿U
VL*@|￿*￿|)c￿ aL￿h?@* Lu ,UL?L4i|h￿Utc eDc 2￿b￿2SD￿
dD￿o ￿@?_￿c 5￿ E￿bbH￿c ROL￿ W4TLh|@?| ￿t |￿i ￿Lhhi*@|￿L? ￿i|￿ii? hi|￿h?t @?_ VL*@|￿*￿|) ￿?
@ 5|LU￿@t|￿U VL*@|￿*￿|) ￿L_i*q ,4T￿h￿U@* ,￿￿_i?Ui uhL4 ￿h￿U￿?} @?_ Oi_}￿?} ￿? |￿i
5:￿ Dff W?_i ￿T|￿L?t ￿@h!i|c￿ aL￿h?@* Lu ￿@?!￿?} @?_ 6￿?@?Ui 22c DHb￿S￿f￿
dD2o ￿i*tL?c #￿ @?_ #￿ 6Lt|ih E￿bbe￿c R￿t)4T|L|￿U 6￿*|ih￿?} A￿iLh) uLh N?￿￿@h￿@|i ￿+￿O
￿L_i*tc￿ ,UL?L4i|h￿U@c S2c ￿￿e￿￿
dD￿o ￿@}@?c ￿￿ @?_ B￿‘￿ 5U￿￿ih| E￿bbf￿c R￿*|ih?@|￿￿i ￿L_i*t uLh ￿L?_￿|￿L?@* 5|LU! VL*@|￿*￿
￿|)c￿ aL￿h?@* Lu ,UL?L4i|h￿Utc eDc 2S.￿2bf￿
dDeo ￿@?c a￿ E2fff￿c RW?|i}h@|i_ A￿4i￿5ih￿it ￿?@*)t￿t Lu 5TL| @?_ ￿T|￿L? ￿h￿U￿?}c￿
￿@?￿tUh￿T|c ￿WA 5*L@? 5U￿LL* Lu ￿@?@}i4i?|￿
dDDo +i?@￿*|c ,￿ E￿bb.￿c R,UL?L4i|h￿U ￿L_i*t Lu ￿T|￿L? ￿h￿U￿?} ,hhLhtc￿ ￿_￿@?Uit ￿? ,UL￿
?L4￿Ut @?_ ,UL?L4i|h￿UtG A￿iLh) @?_ ￿TT*￿U@|￿L?tG 5i￿i?|￿ ‘Lh*_ ￿L?}hitt￿ VL*￿4i
￿￿ EkhiTtc #￿ @?_ k￿ ‘@**￿tc i_t￿￿c ,UL?L4i|h￿U 5LU￿i|) ￿L?L}h@T￿tc ?L￿ 2H￿ ￿@4Mh￿_}i(
￿i￿ vLh! @?_ ￿i*ML￿h?iG ￿@4Mh￿_}i N?￿￿iht￿|) ￿hittc 22￿￿.H￿
dDSo +￿|U￿!i?c ￿￿ @?_ +￿ Ahi￿Lh E￿bbb￿c R￿h￿U￿?} ￿T|￿L?t ￿?_ih Bi?ih@*￿3i_ B￿+￿O @?_
5|LU￿@t|￿U VL*@|￿*￿|) ￿hLUittit￿c aL￿h?@* Lu 6￿?@?Uic Dec ￿..￿ef2￿
dD.o +￿M￿?t|i￿?c ￿￿ E￿b.S￿c RA￿i V@*￿@|￿L? Lu N?Uih|@￿? W?UL4i 5|hi@4t @?_ A￿i ￿h￿U￿?}
Lu ￿T|￿L?tc￿ ￿i** aL￿h?@* Lu ,UL?L4￿Utc .c ef.￿e2D￿
2edDHo 5U￿￿ih|c B￿‘￿ E￿bHb￿c R‘￿) #Lit 5|LU! ￿@h!i| VL*@|￿*￿|) ￿￿@?}i L￿ih A￿4iq￿ aL￿h?@*
Lu 6￿?@?Uic eec ￿￿￿D￿￿￿D￿￿
dDbo 5UL||c w￿ E￿bH.￿c R￿T|￿L? ￿h￿U￿?} ￿￿i? |￿i V@h￿@?Ui ￿￿@?}it +@?_L4*)G A￿iLh)c ,t|￿￿
4@|Lht @?_ ￿TT*￿U@|￿L?tc￿ aL￿h?@* Lu 6￿?@?U￿@* @?_ "￿@?|￿|@|￿￿i ￿?@*)t￿tc 22c e￿b￿e￿H￿
dSfo A@￿U￿i?c B￿ E￿bb.￿c R￿i￿ ￿￿?￿4￿4 ￿￿￿￿5^￿@hi ￿i|￿L_t ￿? ,4T￿h￿U@* 6￿?@?Uic￿ ￿?G
khiTtc #￿ @?_ k￿ ‘@**￿t Ei_t￿￿G ￿_￿@?Uit ￿? ,UL?L4￿Ut @?_ ,UL?L4i|h￿UtG A￿iLh) @?_
￿TT*￿U@|￿L?tc 5i￿i?|￿ ‘Lh*_ ￿L?}hittc VL*￿ ￿c ￿@4Mh￿_}i N?￿￿iht￿|) ￿hitt￿
dS￿o ‘￿￿|ic O￿ E￿bH2￿c R￿@ ￿4￿4 w￿!i*￿￿LL_ 5TiU￿￿U@|￿L? Lu ￿￿ttTiU￿￿i_ ￿L_i*tc￿ ,UL?L￿
4i|h￿U@c Dfc ￿￿2D￿
dS2o ‘￿}}￿?tc a￿￿￿ E￿bH.￿c R￿T|￿L? V@*￿it ￿?_ih 5|LU￿@t|￿U VL*@|￿*￿|)G A￿iLh) @?_ ,4T￿h￿U@*
,￿￿_i?Uic￿ aL￿h?@* Lu 6￿?@?U￿@* ,UL?L4￿Utc ￿bc ￿D￿￿￿.2￿
2DDTM < 60 60<DTM<180 180 < DTM Total DTM<60 60<DTM<180 180<DTM Total
S/X < .94 164 641 515 1 320 S/X < .94 49 222 173 444
.94 < S/X < .97 436 413 207 1 056 .94 < S/X < .97 170 201 104 475
.97 < S/X < 1.00 558 400 202 1 160 .97 < S/X < 1.00 233 193 82 508
1.00 < S/X < 1.03 523 357 172 1 052 1.00 < S/X < 1.03 214 187 97 498
1.03 < S/X < 1.06 474 312 137 923 1.03 < S/X < 1.06 199 160 63 422
1.06 < S/X 1015 985 570 2 570 1.06 < S/X 346 332 179 857
Total 3 170 3 108 1 803 8 081 Total 1 211 1 295 698 3 204
DTM < 60 60<DTM<180 180 < DTM All DTM<60 60<DTM<180 180<DTM All
S/X < .94 1,52 5,05 10,20 6,62 S/X < .94 0,82 3,36 9,40 5,43
.94 < S/X < .97 2,63 9,69 18,93 8,59 .94 < S/X < .97 1,81 7,80 17,80 7,85
.97 < S/X < 1.00 5,35 14,97 24,93 12,08 .97 < S/X < 1.00 4,86 13,50 24,00 11,23
1.00 < S/X < 1.03 11,14 21,38 31,84 18,00 1.00 < S/X < 1.03 11,80 20,90 31,90 19,13
1.03 < S/X < 1.06 18,58 28,35 37,01 24,62 1.03 < S/X < 1.06 20,60 29,00 40,20 26,71
1.06 < S/X 40,35 50,39 62,65 49,14 1.06 < S/X 40,00 48,30 60,30 47,46
All  18,92 25,53 33,53 24,72 All 18,12 22,78 31,33 22,88
DTM < 60 60<DTM<180 180 < DTM All DTM<60 60<DTM<180 180<DTM All
S/X < .94 0,1786 0,1706 0,1668 0,1701 S/X < .94 0,1339 0,1377 0,1506 0,1423
.94 < S/X < .97 0,1652 0,1719 0,1765 0,1700 .94 < S/X < .97 0,1346 0,1461 0,1607 0,1452
.97 < S/X < 1.00 0,1712 0,1821 0,1858 0,1775 .97 < S/X < 1.00 0,1445 0,1566 0,1722 0,1536
1.00 < S/X < 1.03 0,1901 0,1941 0,1976 0,1927 1.00 < S/X < 1.03 0,1626 0,1704 0,1781 0,1685
1.03 < S/X < 1.06 0,2172 0,2047 0,1942 0,2096 1.03 < S/X < 1.06 0,1847 0,1824 0,1896 0,1846
1.06 < S/X 0,3131 0,2363 0,2179 0,2626 1.06 < S/X 0,2574 0,2104 0,2037 0,2280
All 0,2262 0,1992 0,1912 0,2080 All 0,1847 0,1707 0,1756 0,1771
Sample A
Sample A
Table III: Average Implied Volatility Across Moneyness and Maturity
Sample B
Sample B
Table I: Number of Contracts Across Moneyness and Maturity
Sample A Sample B
Table II: Average Quoted Price Across Moneyness and Maturity
Notes: We report various descriptive statistics on our two subsamples of options. Sample A denotes June 1, 1988 - May 31, 1991, and Sample B denotes 
June 1, 1991 - May 31, 1992. Each statistic is reported for three maturity bins and six moneyness bins. Simple Leverage News Power Power&News Box-Cox
r 1,37E-04 1,37E-04 1,37E-04 1,37E-04 1,37E-04 1,37E-04
l 0,0452 0,0455 0,0465 0,0456 0,0464
0,0185 0,0185 0,0186 0,0185 0,0186
b0 1,84E-06 2,24E-06 2,30E-06 2,05E-06 1,98E-06 8,42E-06
2,27E-07 1,82E-07 1,85E-07 1,92E-07 1,85E-07 5,44E-06
b1 0,8873 0,8524 0,8601 0,8397 0,8531 0,8615
0,0054 0,0052 0,0101 0,0107 0,0126 0,0050
b2 0,0984 0,0867 0,0771 0,1217 0,1881 0,0990
0,0026 0,0053 0,0102 0,0186 0,0260 0,0084
q 0,7061 0,5605 0,6328 -0,1056 0,6381







Persistence* 0,9857 0,9823 0,9821 0,9877 0,9931 0,9810
Annual Std. Dev. 0,1799 0,1786 0,1796 0,2049 0,2696 0,1681
LogLikelihood 10590,3 10639,0 10639,6 10640,8 10651,3 10639,7
LR P-Value (Simple) 0,0000 0,0000 0,0000 0,0000 0,0000
LR P-Value (Leverage) 0,2690 0,0561 0,0000 0,2319
Table IV: Maximum Likelihood Estimates of Physical Processes
Notes: We estimate the six GARCH models using Maximum Likelihood on daily S&P500 returns from 
June 1, 1987 through December 31, 1999 for a total of 3,182 observations. Standard errors from White 
(1982) appear below each estimate. The persistence and the annualized standard deviation implied by 
each model is reported at the bottom of the table. *) For the Box-Cox model persistence refers to the 
power of volatility rather than volatility itself. The LR P-values refer to Likelihood ratio tests of the 
null hypothesis that a particular model fits the return data no better than the Simple GARCH model or 
the Leverage GARCH model respectively. Sample A Simple Leverage News Power Power&News Box-Cox
$MSE 3,7623 4,9827 4,7751 8,7663 19,7077 6,6071
$RMSE 1,9397 2,2322 2,1852 2,9608 4,4393 2,5704
Sample B Simple Leverage News Power Power&News Box-Cox
$MSE 5,6770 9,0601 8,6060 16,0743 32,9882 12,3743
$RMSE 2,3827 3,0100 2,9336 4,0093 5,7435 3,5177
Table V: Fit of Option Prices from ML Estimates of Physical Processes
Notes: We transform the physical MLE estimates from Table IV into risk neutral parameters and 
calculate GARCH option prices for each contract in Sample A (June 1, 1988 - May 31, 1991; 8,081 
contracts) and in Sample B (June 1, 1991 - May 31, 1992; 3,204 contracts). Using the actual observed 
market price for each option, we then calculate $MSE and $RMSE for every model on both samples. Simple Leverage News Power Power&News Box-Cox
r 1,37E-04 1,37E-04 1,37E-04 1,37E-04 1,37E-04 1,37E-04
b0 4,89E-07 5,92E-07 5,79E-07 5,92E-07 5,66E-07 9,64E-07
1,75E-08 9,74E-09 9,63E-09 9,75E-09 9,82E-09 2,65E-07
b1 0,9699 0,8629 0,8666 0,8649 0,8253 0,8735
0,0007 0,0037 0,0041 0,0030 0,0038 0,0058
b2 0,0250 0,0133 0,0209 0,0291 0,1832 0,0163
0,0007 0,0003 0,0245 0,0023 0,0166 0,0017
q+l 2,9939 2,9190 2,3321 2,4186 2,7391







Persistence* 0,9950 0,9959 0,9962 0,9961 0,9962 0,9953
Annual Std. Dev. 0,1562 0,1912 0,1949 0,1950 0,1950 0,1688
$MSE 2,6028 1,0910 1,0836 1,0817 1,0214 1,0900
$RMSE 1,6133 1,0445 1,0410 1,0400 1,0106 1,0440
Table VI: NLS Estimates of Risk-Neutral Processes. Sample A
Notes: We estimate the risk-neutral dynamics for each GARCH model directly by fitting the observed 
option prices using a nonlinear least squares routine to minimize $MSE. Only options in Sample A 
(June 1, 1988 - May 31, 1991; 8,081 contracts) are used in estimation. Standard errors are reported 
below each parameter estimate. The bottom of the table reports the risk-neutral volatility persistence 
and the risk-neutral annualized standard deviation implied by the GARCH parameters. *) For the Box-
Cox model persistence refers to the power of volatility rather than volatility itself. We also report the 
$MSE and $RMSE at the parameter optima.  Sample A Fit Simple Leverage News Power Power&News Box-Cox Black-Scholes PBS(OLS) PBS(NLS)
Sample $MSE 2,6028 1,0910 1,0836 1,0817 1,0214 1,0900 3,7351 3,6157 2,9307
Sample $RMSE 1,6133 1,0445 1,0410 1,0400 1,0106 1,0440 1,9326 1,9015 1,7119
Sample B Fit
Sample $MSE 2,4250 0,9777 0,9684 1,0197 1,1571 0,9825 4,0112 3,5982 1,4511
Sample $RMSE 1,5573 0,9888 0,9841 1,0098 1,0757 0,9912 2,0028 1,8969 1,2046
Sample B Simple Leverage News Power Power&News Box-Cox Black-Scholes PBS(OLS) PBS(NLS)
Mean Weekly $RMSE 1,5169 0,9032 0,9002 0,9278 1,0020 0,9062 1,9535 1,7662 1,1298
DM-Test Value 6,9936 -1,4427 1,5817 1,3143 1,2179 15,2805 6,3207 1,7858
P-Value (2-sided) 0,0000 0,1491 0,1137 0,1887 0,2233 0,0000 0,0000 0,0741
Table VII.A: Fit of Option Prices from NLS Risk-Neutral Estimates. 
Table VII.B: Comparing Weekly Predictive Accuracy with the Leverage Model
Notes: We compute the $MSE and $RMSE using the parameter estimates in Table VI on both Sample A and Sample B. The Sample A numbers 
for the six GARCH models are identical to those reported in Table VI. We also report Sample A fits for three other models: First, the standard 
Black-Scholes model with volatility estimated using nonlinear least squares minimizing $MSE. Second, the Practitioner Black-Scholes, 
PBS(OLS), from Dumas, Fleming and Whaley (1998), who regress implied volatility on a second order polynomial in strike price and time to 
maturity. Third, PBS(NLS) which estimates the PBS polynomial using nonlinear least squares to minimize $MSE. We keep all parameters 
constant across the 156 weeks in Sample A. We also report the out-of-sample fits for the nine models in Sample B, using the parameter estimates 
from Sample A. In Table VII.B we calculate the average of the weekly $RMSE across the 52 weeks in Sample B. Due to the concavity of the 
square-root function, the average weekly $RMSEs are lower than the Sample $RMSE calculated over all the 52 weeks. We use the weekly 
$RMSE sequences to test the significance of the difference in fits across models by applying the Diebold-Mariano (1995) test. The DM test is 
implemented allowing for autocorrelation of up to four weeks in the $RMSE difference sequence. We take the Leverage GARCH model to be the 
benchmark in the pairwise DM tests. The DM test has a standard normal distribution and we report the 2-sided P-values. DTM<60 60<DTM<180 180<DTM DTM<60 60<DTM<180 180<DTM
S/X < .94 0,9616 1,5246 2,2977 S/X < .94 0,6470 0,9089 1,3186
.94 < S/X < .97 0,9841 1,5720 2,0373 .94 < S/X < .97 0,7692 0,9915 1,3204
.97 < S/X < 1.00 0,9155 1,5963 1,9129 .97 < S/X < 1.00 0,8277 1,0415 1,3636
1.00 < S/X < 1.03 0,9991 1,8677 2,1563 1.00 < S/X < 1.03 0,8304 1,1628 1,3381
1.03 < S/X < 1.06 1,2191 2,1494 1,7587 1.03 < S/X < 1.06 0,8701 1,2720 1,2241
1.06 < S/X 1,0448 1,8351 2,1288 1.06 < S/X 0,8033 1,1245 1,3125
DTM<60 60<DTM<180 180<DTM DTM<60 60<DTM<180 180<DTM
S/X < .94 0,6531 0,9123 1,3120 S/X < .94 0,6281 0,8915 1,2989
.94 < S/X < .97 0,7705 0,9917 1,3126 .94 < S/X < .97 0,7477 0,9878 1,3223
.97 < S/X < 1.00 0,8236 1,0383 1,3575 .97 < S/X < 1.00 0,8174 1,0478 1,3682
1.00 < S/X < 1.03 0,8221 1,1579 1,3354 1.00 < S/X < 1.03 0,8329 1,1715 1,3419
1.03 < S/X < 1.06 0,8635 1,2674 1,2168 1.03 < S/X < 1.06 0,8784 1,2642 1,2481
1.06 < S/X 0,8004 1,1218 1,3093 1.06 < S/X 0,8076 1,1059 1,3169
DTM<60 60<DTM<180 180<DTM DTM<60 60<DTM<180 180<DTM
S/X < .94 0,6322 0,9033 1,2228 S/X < .94 0,6446 0,9095 1,3184
.94 < S/X < .97 0,7377 1,0099 1,2986 .94 < S/X < .97 0,7659 0,9951 1,3193
.97 < S/X < 1.00 0,7993 1,0601 1,3427 .97 < S/X < 1.00 0,8254 1,0441 1,3629
1.00 < S/X < 1.03 0,7839 1,1573 1,3421 1.00 < S/X < 1.03 0,8303 1,1648 1,3343
1.03 < S/X < 1.06 0,8193 1,1995 1,2692 1.03 < S/X < 1.06 0,8723 1,2716 1,2233
1.06 < S/X 0,7640 1,0129 1,3344 1.06 < S/X 0,8052 1,1233 1,3086
Table VIII.A: $RMSE on Sample A from NLS Estimates on Sample A. By Moneyness and Maturity
Simple Model Leverage Model
News&Power Model Box-Cox Model
News Model Power Model
Notes: We report $RMSE from various GARCH options valuation models on Sample A, which denotes June 1, 1988 - May 31, 
1991. The $RMSE is reported for three maturity bins and six moneyness bins. The parameters in the GARCH option valuation 
models are estimated minimizing $MSE on Sample A itself. DTM<60 60<DTM<180 180<DTM DTM<60 60<DTM<180 180<DTM
S/X < .94 0,9970 1,9700 2,7700 S/X < .94 0,5350 0,9330 1,4000
.94 < S/X < .97 1,1400 1,8800 1,8100 .94 < S/X < .97 0,7840 1,1300 1,3700
.97 < S/X < 1.00 0,9930 1,3800 1,1200 .97 < S/X < 1.00 0,8880 1,1900 1,2000
1.00 < S/X < 1.03 0,5710 1,1200 1,3600 1.00 < S/X < 1.03 0,7390 0,9870 1,0200
1.03 < S/X < 1.06 0,7550 1,4200 1,9200 1.03 < S/X < 1.06 0,6400 0,9710 0,9520
1.06 < S/X 0,9460 1,8200 2,3700 1.06 < S/X 0,8010 1,1000 0,8880
DTM<60 60<DTM<180 180<DTM DTM<60 60<DTM<180 180<DTM
S/X < .94 0,5458 0,9376 1,3806 S/X < .94 0,5498 0,9624 1,4468
.94 < S/X < .97 0,7941 1,1359 1,3354 .94 < S/X < .97 0,8083 1,1729 1,4406
.97 < S/X < 1.00 0,8978 1,1883 1,1797 .97 < S/X < 1.00 0,9241 1,2323 1,2659
1.00 < S/X < 1.03 0,7395 0,9830 0,9948 1.00 < S/X < 1.03 0,7595 1,0090 1,1040
1.03 < S/X < 1.06 0,6353 0,9657 0,9389 1.03 < S/X < 1.06 0,6327 0,9609 1,0110
1.06 < S/X 0,7979 1,0971 0,8786 1.06 < S/X 0,7849 1,0523 0,9251
DTM<60 60<DTM<180 180<DTM DTM<60 60<DTM<180 180<DTM
S/X < .94 0,6792 1,0682 1,3759 S/X < .94 0,5411 0,9414 1,4098
.94 < S/X < .97 0,9694 1,3163 1,4072 .94 < S/X < .97 0,7894 1,1407 1,3742
.97 < S/X < 1.00 1,1400 1,3925 1,3475 .97 < S/X < 1.00 0,8941 1,1947 1,2105
1.00 < S/X < 1.03 0,9278 1,1518 1,1585 1.00 < S/X < 1.03 0,7396 0,9868 1,0272
1.03 < S/X < 1.06 0,6577 1,0184 1,1197 1.03 < S/X < 1.06 0,6373 0,9654 0,9583
1.06 < S/X 0,7260 0,9629 1,0038 1.06 < S/X 0,7984 1,0921 0,8886
News&Power Model Box-Cox Model
Table VIII.B: $RMSE on Sample B from NLS Estimates on Sample A. By Moneyness and Maturity
Simple Model Leverage Model
News Model Power Model
Notes: We report $RMSE from various GARCH options valuation models on Sample B, which denotes June 1, 1991 - May 31, 
1992. The $RMSE is reported for three maturity bins and six moneyness bins. The parameters in the GARCH option valuation 
models are estimated minimizing $MSE on Sample A, which denotes June 1, 1988 - May 31, 1991. Simple Leverage News Power Power&News Box-Cox Black-Scholes PBS(OLS) PBS(NLS)
Sample $RMSE 1,4639 0,4223 0,3963 0,3882 0,3802 0,4197 1,4859 0,9257 0,3557
Simple Leverage News Power Power&News Box-Cox Black-Scholes PBS(OLS) PBS(NLS)
Sample $RMSE 1,5540 0,7081 0,7348 0,7135 0,7454 0,6978 1,5656 1,0952 0,6351
Simple Leverage News Power Power&News Box-Cox Black-Scholes PBS(OLS) PBS(NLS)
Mean Weekly $RMSE 1,5295 0,5838 0,5980 0,6104 0,6558 0,5875 1,5429 0,8764 0,5395
DM Test Value 17,2292 1,5564 6,6388 1,9602 0,1746 20,5065 3,8026 -1,6054
P-Value (2-sided) 0,0000 0,1196 0,0000 0,0500 0,8614 0,0000 0,0001 0,1084
Table IX: Fit of Option Prices from Weekly NLS Estimates on Sample B
A. Current Week
B. One Week Ahead
C. Comparing Weekly Predictive Accuracy with the Leverage Model
Notes: On every Wednesday in Sample B, we estimate a new set of GARCH parameters for each model based only on options data from that 
particular day and returns from the past 250 days. We then report the Sample $RMSE for all the current Wednesdays (Current Week) as well 
as the Sample $RMSE for the same Wednesdays using the previous Wednesdays’ GARCH estimates (One Week Ahead). We also report 
Sample $RMSE for three other models: First, the standard Black-Scholes model with volatility estimated using nonlinear least squares 
minimizing $MSE. Second, the Practitioner Black-Scholes, PBS(OLS), from Dumas, Fleming and Whaley (1998), who regress implied 
volatility on a second order polynomial in strike price and time to maturity. Third, PBS(NLS) which estimates the PBS polynomial using 
nonlinear least squares to minimize $MSE. In these three models, the parameters are reestimated weekly as well. In Table IX.C we calculate 
the mean of the weekly $RMSE across the 52 weeks in Sample B. Due to the concavity of the square-root function, the average weekly 
$RMSEs are lower than the Sample $RMSEs calculated over all the 52 weeks. We use the weekly $RMSE sequences to test the significance 
of the difference in fits across models by applying the Diebold-Mariano (1995) test. The DM test is implemented allowing for autocorrelation 
of up to four weeks in the $RMSE difference sequence. We take the Leverage GARCH model to be the benchmark in the pairwise DM tests. 
The DM test has a standard normal distribution and we report the 2-sided P-values.  Figure I: Stylized Innovation Functions, f(z). Various Models
Notes: The innovation function from each model (solid line) is superimposed on the 
symmetric squared innovation function from the Simple model (dashed line). The 
innovation function conveys the impact on volatility from a particular standard 
normal innovation, which is given on the horizontal axis. Figure II: S&P 500 Returns Across Option Sample Period
Notes: The top panel shows the daily log returns on the S&P500 index. The data is shown 
from June 1, 1988 through May 31, 1992. The vertical line delimits Sample A, which 
corresponds to June 1, 1988 through May 31, 1991, from Sample B, which corresponds to
June 1, 1991 through May 31, 1992. The bottom panel shows the daily absolute returns 
on the S&P500 index for the same periods. Figure III: Average Implied Volatility of S&P 500 Index Options
Notes: On each Wednesday, we plot the simple average implied Black-Scholes volatility 
across the S&P500 index option contracts observed at the close of trading. The average 
implied volatilities are shown for each Wednesday from June 1, 1988 through May 31, 
1992. The vertical line delimits Sample A, which corresponds to June 1, 1988 through 
May 31, 1991, from Sample B, which corresponds to June 1, 1991 through May 31, 1992.Figure IV.A: Model Price Less Black-Scholes Price. Various Models
Notes: Each line shows the option price from a particular GARCH model less the Black-Scholes price of the same option. 
Horizontal lines are plotted at zero. The horizontal axis denotes the current price of the underlying asset, and the strike 
price is fixed at 100. The parameters of each GARCH model are set equal to the NLS estimates from Table VI. The initial 
conditional variance in the GARCH model and the volatility in the Black-Scholes model are both set equal to the 
unconditional value implied by the parameters in the GARCH model. The columns of plots correspond to 15, 60 and 180 
days to maturity respectively. Each row of plots corresponds to a particular GARCH model. Figure IV.B: Model Price Less Black-Scholes Price. Various Models (cont.)
Notes: Each line shows the option price from a particular GARCH model less the Black-Scholes price of the same option. 
Horizontal lines are plotted at zero. The horizontal axis denotes the current price of the underlying asset, and the strike price is 
fixed at 100. The parameters of each GARCH model are set equal to the NLS estimates from Table VI. The initial conditional 
variance in the GARCH model and the volatility in the Black-Scholes model are both set equal to the unconditional value 
implied by the parameters in the GARCH model. The columns of plots correspond to 15, 60 and 180 days to maturity 
respectively. Each row of plots corresponds to a particular GARCH model. Liste des publications au CIRANO*
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